
The Tellus Project was the most concentrated geological mapping project 
ever undertaken in Northern Ireland. The project, managed by the Geological 
Survey of Northern Ireland, produced new geophysical and geochemical maps 
that extend and deepen our knowledge of the region’s geology, soils, natural 
resources and environment. This information supports exploration for mineral 
and energy resources, informs land-use planning and provides a country-wide 
environmental baseline.

In this book selected maps are presented and described in the context of the 
regional geology. Supplementary geology, soils, land-use and other maps are 
included, together with an extensive bibliography. A CD is enclosed.

The geophysics maps provide new insights into Northern Ireland’s geology, 
particularly where bedrock is obscured by glacial cover and peat. Delineation 
of faults, dykes and the major volcanic and intrusive complexes has been 
greatly improved. The complementary imagery of the magnetic fi eld, electrical 
conductivity and radioactivity facilitate mapping of geological structures, soils and 
rock types. The geophysical data were acquired with a low-fl ying aircraft by the 
British Geological Survey in partnership with the Geological Survey of Finland. 

On the ground, sampling teams collected nearly 30,000 soil, stream-sediment 
and stream-water samples for chemical analysis. The geochemical results 
provide a new and consistent baseline standard for some 60 elements and 
compounds across rural Northern Ireland. The geochemical maps provide 
a standard against which to monitor change and a means of identifying 
anomalous levels of elements or compounds in the terrestrial environment.

The publication of these data has stimulated industrial activity and investment in 
the exploration for natural resources. The data are a major resource for research 
in the earth, agricultural and environmental sciences in what is one of the most 
geologically diverse regions of Europe.
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Foreword

Tellus – goddess of Mother Earth. The bas-relief on the 1st century Augustan 

masterpiece of Ara Pacis, preserved in Rome, shows her surrounded by the 

bountiful resources of the planet. The sculpture evokes a sense that the Earth 

supplies all our needs yet at the same time deserves our protection. In ‘Tellus’ 

we therefore found a name that distils the objectives of the scientific survey 

programme and results described in this book. 

Almost everything we need to support modern life comes from the Earth. 

Most of our food grows upon its thin veneer of soil; mines and quarries yield 

essential domestic, industrial and construction materials; water moves over and 

into the Earth as part of the hydrologic cycle; and most of our energy will continue 

to come from geological sources for many years to come. 

The demands on our natural resources are growing and the sustainable 

management of our mining and energy industries requires scientifically robust 

information and procedures to ensure minimal environmental impact. We must 

continually seek to extend our knowledge and understanding of the Earth and its 

resources to ensure the maintenance and improvement of our quality of life. We 

need the same information to provide the necessary standard for environmental 

protection and monitoring. 

The Tellus Project has mapped the geochemistry and geophysics of Northern 

Ireland to an extent not undertaken anywhere else in the United Kingdom and 

perhaps Europe. The maps and data shown in these pages have already 

promoted an unprecedented surge in industrial activity in the exploration for 

natural resources. At the same time they have provided a wealth of information 

for research in the earth, agricultural and environmental sciences, in what is one 

of the most geologically diverse regions of Europe.

Managed by the Geological Survey of Northern Ireland (GSNI) between 2004 

and 2007, the project illustrates the aspiration of the government of Northern 

Ireland both to assess local resources and to provide the baseline information 

needed for environmental management.

The results comprise detailed data and maps of some 55 chemical elements 

in soils, stream-sediments and stream-waters. Samples of soils and streams 

were taken at regular intervals across the country and analysed by different 

techniques. The hundreds of different maps resulting from this work enable us 

to improve our mapping of concealed geology, identify areas where important 

elements are unusually high or low, and provide a snapshot of the current chemical 

condition of our soils and streams. Simultaneously with the geochemical sampling 

programme, a detailed high-resolution airborne geophysical survey remotely 

mapped some of the physical characteristics of soils and rocks – their radioactivity, 

magnetism and electrical properties. These physical data help us to interpret 

the rocks and geological structures concealed by the glacial soils and peat that 

cover most of Northern Ireland. 

The Tellus Project was originally conceived in the 1990s collectively by the 

GSNI, the Geological Survey of Ireland (GSI) and the British Geological Survey 

(BGS). The United States Geological Survey and the Scientific Advisor to the 

President participated in the early planning and contributed much valuable advice. 

The original intention had been to extend the surveys over the whole island and 

GSI carried out pilot studies in three areas of the Republic of Ireland in 2006. 

GSNI has greatly benefited from the encouragement and assistance of the GSI 

throughout the project so it is particularly pleasing that in 2010 GSNI and GSI 

together began a project to extend the Tellus surveys into the six northern counties 

of the Republic of Ireland, with funding from the INTERREG IVA programme of 

the European Regional Development Fund. 

The Tellus Project has encouraged economic development by promoting 

investment in natural resources exploration and development. It has provided 

contextual baseline geoscience information for managing development sustainably, 

and has stimulated research into a range of applied geological issues, as well 

as agricultural, environmental, land-use and health topics. We hope these data 

will continue to be used as widely as possible by those concerned with the 

development and management of our terrestrial resources and environment.

The data displayed in this book are available in map and digital formats from 

the GSNI, who will happily provide advice on their application. 

Mike Young

Director

Geological Survey of Northern Ireland
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Project Overview
Mike Young and Marie Cowan

ConCept and baCkground
Originally termed ‘The Resource and Environmental Survey of Ireland’, or 

RESI, the Tellus Project was conceived as a comprehensive and integrated 

geophysical and geochemical survey of the whole island. The concept originated 

in 1997 in discussions between the Northern Ireland Department of Economic 

Development (now the Department of Enterprise, Trade and Investment (DETI)), 

the Geological Survey of Northern Ireland (GSNI), the British Geological Survey 

(BGS) and Geological Survey of Ireland (GSI), with advice from US government 

officials. The intention was to produce modern geoscience information to inform 

government planning decisions and promote investment in mineral exploration. 

The project was expected to provide high quality digital datasets of geophysical 

and geochemical parameters that would facilitate the mapping and understanding 

of a wide range of environmental and natural resource issues. 

In 2002 the geological consultancy CSA Group Ltd of Dublin undertook 

feasibility studies for a survey over the whole of Ireland and for a separate 

project over Northern Ireland alone. The programme of work in Northern Ireland 

comprised a high-resolution airborne geophysical survey and ground geochemical 

surveys of the six counties of Northern Ireland, interpretation, and presentation of 

results. The feasibility study set out the structure, budget, outline schedule and 

deliverables of the project. The specifications for the principal technical tasks, 

the geophysical and geochemical surveys, were analysed and defined in detail. 

For the geochemistry surveys, various options were costed and compared, 

including commercially contracting the operation, undertaking it in-house, or by 

using a combination of these. The availability, relevance and costs of commercially 

available airborne geophysical systems were investigated and compared. 

The feasibility study was followed by a positive economic appraisal by 

PricewaterhouseCoopers in early 2004. The project was formally approved by 

the Minister of the Department of Enterprise, Trade and Investment in June 2004 

and officially launched as the Tellus Project on 19 October 2004. 

projeCt goals
The project goals, which are environmental, educational and commercial, as 

well as scientific, were:

to advance the development of Northern Ireland’s natural resource •	

industry through new mineral discoveries;

to allow better definition of natural geological resources and limit land •	

sterilisation;

to provide a baseline of information against which to measure •	

environmental change;

to contribute to sustainable land-use planning decisions by detecting and •	

mapping geological conditions that may be associated with geohazards;

to improve human health by ensuring new residential developments •	

avoided potentially unfavourable areas, by detecting and mapping 

geological conditions that might give rise to health hazards such as radon 

gas, anthropogenic radiation (fallout) and contaminated land;

to detect and map certain forms of industrial and agricultural •	

contamination and the conditions in which these might develop;

to help government to comply with the requirements of legislation on •	

the assessment and monitoring of natural resources, soils and waters, 

including European Framework Directives.

expeCted benefIts
The project was designed to deliver benefits to various areas of the economy 

and the environment of Northern Ireland as follows:

Economy

to inform decisions relating to mineral and petroleum licensing;•	

to promote inward investment in mineral and petroleum development;•	

to provide the essential geological information required by the GSNI and •	

the BGS to fulfil their responsibilities for supplying geological information 

and advice.

Environment and planning

to provide information in support of the Department of Environment (DoE) •	

objectives to protect the natural environment and manage development 

sustainably;

to provide information to help fulfil the requirements of the European •	

Framework Directives;

to provide geological information pertinent to planning and land use •	

decisions;

to map local groundwater contamination from industrial and land-fill sites.•	

Agriculture

to map the background chemistry of soils and stream waters to provide a •	

context for assessing pollution of soils and streams and to identify areas of 

trace element deficiencies. The programme extended and supplemented 

a previous programme of soil sampling and analysis for 16 elements in 

lowland areas carried out by the Department of Agriculture and Rural 

Development (DARD).

Health 

to provide background information relating to certain health hazards, •	

notably natural and anthropogenic radioactivity, heavy metal 

contamination, and water quality in rivers.

sCope of Work 
The project comprises the following main phases:

a detailed airborne geophysical survey over the whole land area and inland •	

waters of Northern Ireland;

a geochemical soils survey of the whole land area of Northern Ireland, at •	

a sampling density of 1 site per 2 km2 in rural areas and 4 sites per km2 in 

urban areas (Belfast and Londonderry);

completion of geochemical stream-sediment and stream-waters surveys •	

begun by the BGS in the 1990s.

aIrborne geophysICal surVey
Geophysics is the study of the physical properties of the Earth. These include 

three which we can readily measure from a moving aircraft:

magnetic field;•	

electrical conductivity;•	

radioactivity.•	

Geophysicists observe how the intensity or strength of these parameters vary 

spatially and interpret the results in terms of underlying geological structures. 

Geophysical methods are particularly useful for mapping regions, such as 

Northern Ireland, where superficial deposits such as glacial till, alluvium or peat 

obscure the bedrock. 

On survey the aircraft flies along a network of parallel lines taking regular 

readings at intervals of between one tenth of a second and one second. The 

aircraft’s position is recorded simultaneously with a global positioning system 

and the height measured accurately with a radar altimeter. The data are recorded 

digitally and removed to the processing centre at the end of each flight. After 

correction and standardisation the data are contoured and typically presented 

as coloured maps, as displayed in this atlas.

MagnetIC fIeld 
The magnetic field of the Earth can be detected and maped with a sensitivity of 

about one part in five million. Most rocks are slightly magnetic and differences 

in the measured magnetic field indicate variations in the type of rock and soil 

below the aircraft. The pattern of the magnetic map shows both major geological 

structures deep within the Earth and the shallower effects of magnetic rocks 

nearer the surface. Prominent magnetic anomalies in Northern Ireland include 

those of the Antrim Lava Group, swarms of Palaeocene dykes, and the Palaeocene 

intrusions of the Mourne Mountains Complex. Prominent regional faults are clearly 
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mapped, some of which can be traced across into Scotland on the corresponding 

marine and magnetic maps of Great Britain.

eleCtrICal ConduCtIVIty
The electrical conductivity of rocks and soils varies largely according to porosity, 

salinity, saturation and clay content. We use the variation in conductivity to help 

map rock and soil types and conducting structures such as faults. We may 

also be able to detect contaminants (for example drainage from an industrial 

site) that typically raise ground conductivity. The electrical conductivity map 

of Northern Ireland shows variations between the principal formations, areas 

of increased salinity, prominent expressions of major fault zones and certain 

industrial impacts.

natural radIoaCtIVIty
All rocks and soils are very slightly radioactive due to the presence of tiny amounts 

of radioactive elements. We can detect radiation from the ground with sensitive 

detectors in the aircraft. Terrestrial radiation comes from isotopes of uranium, 

thorium and potassium and the proportions of these vary among different 

rock types. Mapping natural radioactivity is therefore another useful means of 

differentiating rock and soil types. The radioactivity map provides a standard 

against which to measure any change in ground radioactivity in the future. 

Prominent anomalies include those of the intrusive rocks of the Mourne Mountain 

Complex and parts of the ancient metamorphic rocks in Counties Tyrone and 

Derry. The Antrim Lava Group and areas covered by peat have much reduced 

activity. Radon gas, a naturally occurring carcinogen that can find its way into 

homes, is a product of the radioactive decay of uranium in the ground.

preVIous surVey
The last regional airborne survey of Northern Ireland was flown in 1959. The 

survey was a magnetic survey flown at a height of 305 m above ground along 

lines spaced 2000 m apart. The survey yielded valuable information about the 

geological structure of the province at a regional scale and Reay (2004) has 

outlined the main features seen. Because of the high survey altitude and wide 

line spacing the resolution of the 1959 survey is poor and it was recognised that 

significantly greater detail could be mapped by a survey at a lower level, with 

closer line spacing and more sensitive instrumentation.

tellus geophysICal surVey
The objective of the Tellus airborne survey was therefore to undertake a high 

resolution survey that would provide sufficient detail to enable the existing 

geological mapping at 1:50,000 scale to be revised confidently, particularly in 

areas where bedrock is obscured by peat and glacial soils. The specifications of 

the survey provided for surveying with magnetics, electromagnetic and gamma-

ray spectrometer systems.

The airborne geophysical survey was undertaken by the Joint Airborne-

geophysical Capability, a partnership of the BGS and the Geological Survey of 

Finland (GTK). This joint-venture took advantage of the GTK’s extensive experience 

of surveying the whole land area of Finland over a period of many years. GTK 

provided pilots with great experience of flying geophysical survey at low altitudes 

and furnished an aircraft and equipment that had flown many thousands of 

kilometres of low-level environmental mapping surveys.

The survey was flown over two seasons, in the summer of 2005 and spring 

of 2006. During this period the survey aircraft flew a total of 86,000 line-km at 

a height of 56 m along lines spaced 200 m apart. Over urban areas the aircraft 

rose to 250 m above ground level. Some 81,500 line-km of data were used in 

compiling the final maps, including a margin of 1–2 km over the sea and adjacent 

areas of the Republic of Ireland.

An extensive communications campaign was conducted in advance of the 

survey as it was thought the survey might be regarded as intrusive. In the event 

the operation attracted much positive interest, particularly at open days held 

at Enniskillen Airport and at the Ulster Flying Club, Newtownards, the principal  

survey bases. Comments and observations from the public were logged in a 

geographic information system and flight planning was modified to minimise 

disturbance in sensitive locations.

geoCheMIstry surVeys
Geochemical analysis of soils and rocks contributes to several areas of economic 

development and environmental management by:

defining a standard (or ‘baseline’) for the current chemical composition of •	

soils, stream sediments, stream waters and bedrock;

detecting and mapping higher than normal levels of potentially harmful •	

elements and compounds in soils and surface waters;

mapping the chemical attributes that influence the sustainability of •	

biodiversity and habitats and that influence plant, animal and human 

health;

providing essential data for use in prospecting for economic minerals.•	

Regional geochemical surveys were first carried out in Northern Ireland in the 

early 1970s by the pioneering geochemist Professor John Webb FREng and 

students of Imperial College, London. This work outlined significant anomalies of 

trace elements associated with the gold mineralisation in Co. Tyrone. Subsequent 

surveys included a survey of stream sediments and waters by the BGS in the 

mid-1990s and a province-wide soil survey by DARD. All these surveys revealed 

significant trends and characteristics of major and trace elements, reflecting 

differences in bedrock and superficial geology as well as human activity.

The purpose of the Tellus surveys was to undertake more comprehensive and 

detailed sampling and analysis that would extend the range and detail of previous 

surveys. Samples would be collected at a regular density of 1 site per 2 km2 for 

both soils and streams; both shallow and deep soils would be sampled. All the 

samples would be analysed for a wider range of major and trace elements than 

previous surveys. It was anticipated that together with the geophysical results 

these detailed geochemistry data would be critical in promoting investment in 

mineral exploration and at the same time provide a detailed geochemical baseline 

as a standard for the future.

22 000 samples of soils and streams were collected between 2004 and 2006 

in nine separate field programmes. The work was conducted according to well-

established the BGS standards of sampling and analysis. This work completed 

the BGS survey of stream sediment and water sampling (1994–1996) on behalf 

of the Department of Economic Development and Department of Environment.

Samples were analysed for 55 elements and inorganic compounds using these 

methods:

soils: XRF and ICP, with fire-assay for gold and platinum group elements;•	

stream sediments: XRF and fire-assay for gold and platinum group •	

elements;

stream waters: ion chromatography and ICP.•	

Soils in the urban areas of Belfast and Londonderry were sampled at a higher 

density of four sites per km2, to provide a more detailed environmental baseline. 

In these areas, samples from one site per km2 were also analysed for selected 

organic compounds (Nice, 2010).

Results of environmental interest include distribution maps for heavy metals 

that are potentially harmful. These include nickel, chromium and copper that 

show relatively elevated values in soils overlying the Antrim Lava Group in 

northeast Northern Ireland, and arsenic that shows naturally high levels over 

parts of Co. Tyrone and Co. Armagh. Maps of essential trace elements such as 

zinc and selenium show areas where soils are relatively depleted for agricultural 

purposes.

Prominent anomalies of precious and base metals are delineated. In the areas 

of mesothermal quartz vein gold in the Neoproterozoic Dalradian Supergroup in 

Co. Tyrone prominent gold and arsenic anomalies occur in streams and soils, 

and may be followed westward from zones of known mineralisation. Prominent 

anomalies also characterise the locality of a mesothermal vein gold deposit at 

Cargalisgorran in Co. Armagh. Alluvial gold has been found in panned stream 

sediment concentrates in and along the margins of the Palaeogene granite 

intrusives of counties Armagh and Down.

Enhanced values of platinum were recorded in stream sediments and 

soils over the Antrim Lava Group and in the soils over the Co. Fermanagh and 

Co. Down dykes, and in streams draining Upper Dalradian rocks in the Sperrin 

Mountains.

High nickel values are also associated with several of the dykes of 

Co. Fermanagh and a major dyke swarm in Co. Down.

data
Data from the Tellus Project have been processed, organised and archived 

according to the BGS standards and metadata have been prepared in accordance 

to the INSPIRE Directive of the EU.

The data have been processed and presented using the industry standard 

software ArcGIS and Geosoft Oasis montaj. The results are available as digital 

or paper maps or as digital data.
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tellus – In retrospeCt
Since the Tellus surveys began in 2004 significant advances have been made 

using the data. While the project itself ran much as anticipated the results proved 

surprising in many respects and have since pointed research in innovative 

directions.

The maps shown in the following pages illustrate the huge diversity of results 

obtained. There are large differences in the textures and intensities of the three 

geophysical parameters mapped. These characteristics define the boundaries of 

major rock types, delineate dykes and faults and reveal many hitherto unknown 

aspects of shallow and deep geology. The geochemistry maps of the 55 analytes 

display significant variations of important trace elements in many areas of Northern 

Ireland.

Since the publication of the data in 2007 the impacts of the survey include 

the following:

The area of Northern Ireland licensed for mineral prospecting increased •	

from 15% to 70%, with the main focus being the gold and platinum 

anomalies revealed by the stream and soils surveys;

The inward investment expended upon mineral exploration by mining •	

companies for the three years following release of the data exceeded 

£30 million;

10 PhD dissertations have been completed or are in progress that are •	

based on Tellus data, 11 MSc and BSc dissertations using these data have 

been completed;

The project received national awards for the promotion of mineral •	

exploration, for innovation in GIS, and three for public communications.

Research and analysis based on these data have been focused on the following 

areas, some of which are described in later pages:

Analysis of the tectonics of Northern Ireland and the wider region;•	

3D modelling of regional structures;•	

Mineral prospectivity assessments of western Northern Ireland and of •	

County Down;

Assessment of potential geothermal resources;•	

Assessment of the distribution of potentially harmful elements;•	

Anomalous distribution of iodine in soils and its impact;•	

•	 Arsenic in the soils of urban Belfast;

Correlation of soil chemistry with the distribution of cancer;•	

Bio-accessibility of potentially harmful elements in soil;•	

Predictive mapping of in-house radon potential by multi-parameter •	

analysis;

Detailed mapping of natural radioactivity and of radioactive fallout;•	

Geostatistical approach to enhancing geochemical maps by cross-•	

correlation with airborne gamma-ray data;

Improving mapping of carbon-in-soil by statistical correlation of airborne •	

potassium data with soil carbon;

Estimating the thickness of peat by the attenuation of airborne gamma-ray •	

data;

Mapping and modelling geophysical anomalies adjacent to waste dumps;•	

Mapping depth-to-bedrock by electromagnetic survey.•	

In 2011, the Tellus surveys were extended into the six northern counties of the 

Republic of Ireland in the ‘Tellus Border’ project, funded by the European Regional 

Development Fund, under the INTERREG IVA programme. It is hoped that this is 

the beginning of a series of surveys that ultimately will cover the whole island of 

Ireland, the original goal of the instigators of the RESI concept in the 1990s.



4



A guide to the Tellus data

5

Geology
Mark Cooper and Ian Mitchell

The geological foundations of Ireland and Northern Britain, known as the 

Caledonides, were assembled in the Caledonian Orogeny. Like most orogenic 

belts, the Caledonides consist of a collage of suspect terranes, each with a 

distinctive stratigraphy and structural, metamorphic and igneous history.

Northern Ireland straddles three of the seven suspect terranes that together 

constitute the Caledonian Orogen in Ireland (Bluck et al., 1992). From north to 

south these are referred to as the Central Highlands (Grampian) Terrane, Midland 

Valley Terrane and the Southern Uplands-Down-Longford Terrane (Figure 2.1).

The Central highlands or grampian terrane consists of Moinian 

(Mesoproterozoic) and Dalradian Supergroup (Neoproterozoic-Cambrian) rocks 

and Caledonian igneous complexes. The southern margin of the terrane is marked 

by the concealed Fair Head-Clew Bay Line (Figure 2.1) which is interpreted as the 

southwesterly extension (Hutton, 1987), or major splay (Ryan et al., 1995), of the 

Highland Boundary Fault in Scotland. This regional magnetic lineament, which 

extends southwestwards to Clew Bay in Co. Galway, is located 10 km north of 

the Omagh Thrust Fault, but is concealed beneath Dalradian rocks that were 

thrust southwards over the Midland Valley Terrane.

The Midland Valley terrane in Scotland lies between the Highland Boundary 

Fault and the Southern Upland Fault. In Northern Ireland, as in Scotland, Upper 

Palaeozoic, Mesozoic and Palaeogene rocks cover much of the terrane. However, 

in Co. Tyrone a late Ordovician to early Silurian succession is exposed at Pomeroy 

with part of an early to middle Ordovician ophiolite and island arc volcanic complex 

(Tyrone Igneous Complex) at its base (Hutton et al., 1985; Cooper et al., 2008, 2011; 

Hollis et al., 2012). At the core of the Tyrone Igneous Complex is the fault-bounded 

Central Inlier. This consists of schist and gneiss of Dalradian affinity (Chew et al., 

2008) and originally formed part of the Central Highlands (Grampian) Terrane.

The southern uplands-down-longford terrane lies between the Southern 

Upland Fault and the Navan Fault (Iapetus Suture Zone) and in Ireland is also 

referred to as the Central Terrane (Harper and Parkes, 2000). It is interpreted as 

a fore-arc accretionary prism (McKerrow et al., 1977) of Ordovician and Silurian 

marine sediment that was scraped in slices from the Iapetus Ocean floor and 

diachronously accreted onto the over-riding Laurentian continent as the ocean 

closed by northwards directed subduction. The terrane is segmented into 

northeast-southwest orientated tracts separated by major strike-parallel faults.

Assembly of the terranes that form the basement in Northern Ireland 

commenced mid-Ordovician during the Grampian Orogeny and finished late 

in the Silurian following the oblique collision of the Laurentian and Avalonian 

foreland margins. Closure of the Iapetus Ocean was effected, at least in part, 

by large sinistral strike-slip movement (Hutton, 1987) on the terrane-bounding 

faults and along internal faults (Anderson, 1987, Ryan et al., 1995). In response 

to the collision a continuous mountain range, the Caledonides, developed from 

the Appalachians through New England, Nova Scotia, Newfoundland, Greenland, 

Ireland, Scotland (Caledonia), to Scandinavia and Spitzbergen.

Central hIghlands (graMpIan) terrane
The Mesoproterozoic and Neoproterozoic basement in Northern Ireland consists of 

deformed and metamorphosed sedimentary and volcanic rocks. Their distribution 

here is viewed as a continuation of similar lithologies and stratigraphical sequences 

in Scotland and northwest Ireland. In Scotland the southern boundary of this 

terrane is the Highland Boundary Fault. In Northern Ireland geophysical evidence 

indicates that the Fair Head-Clew Bay Line is the southwesterly continuation of 

that fault, although basement rocks do occur south of that line in the Central 

Inlier of Co. Tyrone. The rocks are divided into a Pre-Dalradian Basement and 

the Dalradian Supergroup.

pre-dalradian basement
The oldest rocks in Northern Ireland are the Lough Derg Group that occur in 

Co. Fermanagh as the fault-bounded Lough Derg Inlier. The precise age of 

the Lough Derg Group is not known but the evidence for a high pressure-high 

temperature (granulite facies) metamorphic event coupled with a radiometric date 

of 895±60 Ma (Rb-Sr whole-rock isochron) points to a Grenvillian age for the 

rocks (Max and Long, 1985). There is also evidence of polyphase deformation 

and a high-grade regional metamorphic event overprinted by a later (Caledonian) 

retrogressive event.

Lough Derg Inlier (Lough Derg Group: Slishwood Division)
The Lough Derg Group consists of medium- to coarse-grained, siliceous, 

feldspathic and micaceous psammites with mica schist bands. Although locally 

gneissose and with dominantly granoblastic textures, the psammites still retain 

evidence of original sedimentary structures including cross laminations and 

slump features.

The psammites in the Lough Derg Inlier are cut by metabasite dykes up to 

several metres wide and contain discrete metre-wide pods or trains of boudins 

parallel to the regional bedding/schistosity. Mineralogically, the metabasite bodies 

are amphibolites and represent basic magma that was intruded into the sediments 

prior to the main deformation (Anderson, 1948).

There is evidence of at least two major metamorphic events. An early, possibly 

Grenvillian, event is represented by granulite facies mineral assemblages but is 

overprinted by younger retrogressive amphibolite facies mineral assemblages of 

probable Caledonian age (Sanders et al., 1987; Flowerdew et al., 2000, Flowerdew 

and Daly, 2005). Current stratigraphical correlation, supported by radiometric 

dates, indicate that the Lough Derg Group is part of the Slishwood Division that 

includes some of the rocks of the Ox Mountains Inlier, located to the southwest 

(Max and Long, 1985).
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stratigraphy
Most of the Central Highlands (Grampian) Terrane in Northern Ireland consists 

of mid- to late Neoproterozoic rocks of the Dalradian Supergroup which extend 

from the east coast of Scotland to the Atlantic coast of Co. Donegal. In Northern 

Ireland the rocks crop out in the Sperrin Mountains, Lack Inlier and northeast 

Co. Antrim inlier.

The thick succession of predominantly clastic marine sediments that now 

forms the rocks of the Dalradian Supergroup was deposited in a series of rift 

basins. They are divided into the Argyll Group and the Southern Highland Group. 

In addition to the correlation with successions in Scotland, wider correlations 

have also been made between the Dalradian Supergroup and the Fleur de Lys 

Supergroup in Newfoundland (Kennedy, 1975).

The rocks in the Argyll Group provide evidence of changing tectonic and 

depositional conditions at the Laurentian margin. The initial relatively stable shelf 

environment, which prevailed here during deposition of the Crinan Subgroup, gave 

way to more unstable conditions. Between 700–600 Ma, prior to the opening of 

the Iapetus Ocean, regional instability resulted from the separation of Laurentia 

from Baltica. Evidence of crustal stretching and thinning is seen in the appearance 

of metabasite (dolerite) intrusions and submarine pillow lavas that reflect upsurges 

of basaltic magmatism. This magmatism, and the erosion of basic igneous 

rocks along the continental margin, was closely associated with the formation 

of contemporaneous volcaniclastic sediments (green beds) (Fettes et al., 2011).

The Southern Highland Group consists mainly of turbidites that were 

deposited in a tectonically unstable off-shelf environment. The basal part consists 

mainly of coarse-grained proximal arenites, with green beds, which pass upward 

into a very thick succession of finer grained lithologies of the outer fan depositional 

environment.

Argyll Group 
sperrin Mountains
The Mullaghcarn Formation lies furthest south in the Sperrin Mountains 

(Photograph 2.1) and also forms the Lack Inlier west of Omagh. It consists of 

schistose semipelite, psammite, pelite and rare green beds close to the Omagh 

Thrust. Structurally overlying the Mullaghcarn is the Glengawna Formation, which 

is characterized by the presence of graphitic pelite and semipelite horizons that 

are interbedded with psammite and semipelite. Numerous thrust surfaces are 

apparent through this formation which support a significant structural break at 

this level. The Glenelly Formation comprises schistose semipelite with lesser 

psammite and minor limestone. The semipelites are commonly chlorite and albite 

(as porphyroblasts) rich and contain localized occurrences of garnet, tourmaline 

and epidote. The overlying Dart Formation includes granule to pebble size 

conglomeratic psammites and schistose semipelite. Within the Dart Formation 

the Glenga Amphibolite Member is composed of basaltic pillow lavas, breccias 

and volcaniclastic schists that thin laterally representing volcanic centres. The 

Killeter Quartzite Formation consists of thickly bedded, quartzite and quartzose 

psammite that thicken laterally from northeast to southwest. The Dungiven 

Limestone Formation, the highest formation in the Argyll Group, is a regionally 

important marker which correlates with limestone formations in northeast 

Co. Antrim, Co. Donegal and Scotland. The formation is lithologically diverse 

and although limestone of the Bonds Glen Limestone Member is a major 

constituent it is associated with pelite, semipelite, psammite, quartzite, basaltic 

pillow lavas and volcaniclastic sediments (Photograph 2.2).

Southern Highland Group
The Southern Highland Group is the youngest stratigraphical division of the 

Dalradian in Ireland and Scotland. The stratigraphy of the Southern Highland 

Group is less clearly defined than the Argyll Group and consists of a thick 

succession of turbiditic arenites and pelitic metasediments with rare volcaniclastic 

(green bed) and calcareous schist units.

The base of the Ballykelly Formation is marked by the Baranailt Limestone 

Member. Structurally the Ballykelly Formation is situated on the southeast limb 

of the Lough Foyle Syncline. The outcrop of the succeeding Londonderry 

Formation lies at the core of the Lough Foyle Syncline.

northeast Co. antrim
The Dalradian inlier in northeast Co. Antrim is divided into six formations and 

lies on the lower, inverted limb of the Altmore Anticline which is regarded as the 

southwesterly continuation of the Cowal Anticline from southwest Scotland.

The lowest two formations of the Argyll Group, the Murlough Bay and 

Owencam formations, consist mainly of coarse-grained schistose psammite 

and semipelite. The most distinctive and youngest unit in the Argyll Group is the 

Torr Head Limestone Formation which correlates with the Dungiven Limestone 

Formation in the Sperrin Mountains, the Culdaff Limestone in Co. Donegal and 

Loch Tay Limestone in Scotland (McCallien, 1931).

The Southern Highland Group in the inlier is represented by the Altmore, 

Runabay and Glendun formations which consist mainly of pebbly and coarse-

grained psammite deposited as turbidite fans in a rapidly subsiding basin. The 

Runabay Formation contains two distinctive volcaniclastic (green bed) members. 

At the base of the formation the Carnaneigh Green Bed Member consists of 

schistose chlorite-epidote rich semipelite. The Leckpatrick Green Bed Member 

occurs at the top of the formation and comprises schistose, chlorite-hornblende 

rich semipelite with albite and biotite porphyroblasts (Wilson and Robbie, 1966). 

Both green bed members are composed of volcaniclastic material derived by 

erosion of coeval extrusive and intrusive mafic rocks or from contemporaneous 

basic volcanicity.

deformation of the dalradian
The Dalradian rocks in Northern Ireland were intensely deformed and 

metamorphosed during the Caledonian Orogeny. At least four separate phases 

of deformation and associated structures are recognised in the Dalradian rocks 

in Northern Ireland. Folds and cleavages resulting from the earliest Caledonian 

deformation (D1) are, at best, barely discernible and are generally obscured in 

a composite fabric defined by bedding surfaces (Ss) and the sub-parallel first 

schistosity (S1). The Grampian event (D2) was the dominant deformation of the 

Caledonian Orogeny in Northern Ireland and was associated with the formation 

of major regional southeast-facing recumbent anticlines, the Sperrin Fold in the 

Sperrin Mountains and the Altmore Anticline in northeast Co. Antrim. These 

structures are analogous to the Tay Nappe in Scotland, which formed as a result 

of D2 flattening, tightening and extension of an earlier D1 anticline (Stephenson 

and Gould, 1995). A penetrative schistosity, which developed throughout the 

Photograph 2.1

The Sperrin Mountains, Co. Tyrone.

Photograph 2.2

Dalradian Supergroup meta-limestones, Sperrin Mountains, Co. Londonderry.
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southern part of the Sperrin Mountains and in northeast Co. Antrim, strongly 

crenulates the earlier formed composite Ss/S1 surfaces.

In the south Sperrin Mountains, the D3 deformation resulted in southeasterly-

verging minor folds and a number of low-angle, northwards inclined thrust 

surfaces such as the Omagh Thrust Fault, which transported Dalradian rocks to 

the south-southeast over the early Ordovician Tyrone Igneous Complex (Alsop 

and Hutton, 1993). In west Co. Tyrone and central and south Co. Donegal the 

Ballybofey Nappe is the dominant D3 structure controlling the disposition of 

Dalradian strata. This sub-recumbent structure closes and faces towards the 

southeast and is disrupted by several northeast-trending late Caledonian faults 

(Alsop, 1991). The lowest structural levels of the Dalradian succession in west 

Co. Tyrone are in tectonic contact with the Lough Derg Group along the Lough 

Derg Slide (Alsop and Hutton, 1990).

Post- D3 structures in Northern Ireland mainly take the form of localised sets 

of kink bands and late stage brittle fractures.

regional Metamorphism
The pattern of regional metamorphism in the Dalradian Supergroup in Northern 

Ireland reflects a thermal and pressure gradient increasing from lower greenschist 

facies in the north to lower amphibolite facies in the south, close to the Omagh 

Thrust Fault (Hartley, 1938). Metamorphic minerals including albite, muscovite, 

biotite, epidote, chlorite and actinolite occur throughout a large part of the Sperrin 

Mountains and are indicative of greenschist facies metamorphism. However, in the 

southern part of the Sperrin Mountains and in the Lack Inlier, garnet (almandine) 

porphyroblasts are indicative of slightly higher grade metamorphism in the upper 

greenschist to lower amphibolite facies. The garnets commonly have chloritic 

alteration indicating a later retrogressive phase possibly linked to late Caledonian 

movements on the Omagh Thrust Fault.

MIdland Valley terrane
Basement rocks of the Midland Valley Terrane in Northern Ireland comprise the 

Proterozoic Central Inlier and early Palaeozoic Tyrone Igneous Complex. Both 

geological units are bounded by faults and have very different geological origins. 

At its southern margin, the Tyrone Igneous Complex is overlain unconformably 

by late Ordovician and early Silurian sediments of the Pomeroy Inlier. Further 

west, at Lisbellaw, is a fault-bounded inlier of early Silurian sedimentary rock 

(Harper and Hartley, 1938).

the Central Inlier
The Corvanaghan Formation of the Central Inlier is lithologically, structurally 

and metamorphically distinct from the Tyrone Igneous Complex, and has now 

been shown to be of Dalradian affinity (Chew et al., 2008). The Central Inlier is 

a fault-bounded fragment of pre-Caledonian Proterozoic continental crust that 

is surrounded by Ordovician rocks of the Tyrone Igneous Complex. While the 

bounding faults appear to have mainly transverse movements the northeast 

margin of the inlier is delineated by a low-angle fault which thrusts rocks of the 

Corvanaghan Formation northeastwards onto the Tyrone Plutonic Group.

The Central Inlier consists of gritty, medium- to coarse-grained psammite with 

minor schistose and pelitic rocks that are well exposed in Corvanaghan quarry 

[H718 812] 10 km west-northwest of Cookstown. Coarse lithologies commonly 

display a gneissose texture. The rocks have undergone at least three separate 

fold phases with the major regional structure comprising an eastward-plunging, 

open antiform (Wilson, 1972). Mineral assemblages indicate peak metamorphism 

at sillimanite grade.

tyrone Igneous Complex
The Tyrone Igneous Complex (Photograph 2.3) is one of an association of 

complexes in Great Britain and Ireland that have oceanic affinities. They all contain 

sections of ophiolite, as well as examples of volcanic arc, accretionary prism 

and fore-arc basin deposits. However, the Tyrone Igneous Complex is one of 

the largest and most varied in that it includes part of an ophiolite, a volcanic arc 

sequence, arc-related granitoids and a portion of Laurentian continental crust.

The Tyrone Igneous Complex is broadly divided into two parts. The Lower 

Ordocivian Tyrone Plutonic Group (Cooper et al., 2011) forms the southern half 

of the Tyrone Igneous Complex. In the northeast part of its outcrop the rocks 

consist mainly of variably tectonised and metamorphosed gabbro with layered, 

isotropic and pegmatitic varieties present. Dolerite, in the form of a sheeted 

dyke complex, appears confined to the southwest around Carrickmore. This 

association of rock types and their field relationships strongly supports the idea 

that they represent the upper layers of an ophiolite (Hutton et al., 1985). The 

Tyrone Volcanic Group forms the upper part of the Tyrone Igneous Complex 

and consists of basic to intermediate pillow lavas and volcaniclastic tuffs, rhyolites, 

banded chert, jasper and argillaceous sediment. Its outcrop is bounded in the 

north by the Omagh Thrust Fault and by the Beleevnamore and Davagh faults 

in the south. The sequence is interpreted as being deposited in a volcanic arc 

setting that was situated on the northern margin of the Iapetus Ocean and there 

is evidence of at least three volcanic cycles. Each cycle commences with lavas 

and volcaniclastic rocks of mainly submarine origin. The laminated chert and 

siliceous ironstone (jasper) (Photograph 2.4) probably accumulated in a volcanic 

environment as colloidal gel deposited within the surrounding tuffs. At a later 

stage, as water levels deepened within the basin, black mudstone was deposited 

in quiet euxinic conditions during periods of reduced volcanic activity. As a 

single succession of volcanic and sedimentary rocks, the Tyrone Volcanic Group 

becomes progressively more acidic from base to top while within each cycle there 

is a trend from basic to acidic between the base and top.

Graptolites from black mudstone located at the top of the third cycle give a 

mid-Arenig correlation (Cooper et al., 2008). The Tyrone Igneous Complex and 

Central Inlier are intruded by volcanic arc-related plutonic tonalite, granodiorite 

and granite, while higher level porphyritic dacite and rhyolite appear resticted 

to the Tyrone Volcanic Group. Zircon dating (U/Pb) indicates that their intrusion 

occurred at 473–464 Ma (Lower – Middle Ordovician) (Cooper et al., 2008, Cooper 

et al., 2011).

the graMpIan orogeny
The presence of mid-Arenig graptolites in the Tyrone Volcanic Group and 

the age range of the granitoid suite indicate that the volcanic arc sequence 

formed in the early Arenig after the ophiolite. These facts, when allied to the 

field relationships of the three components of the Tyrone Igneous Complex, are 

convincing evidence for Grampian orogenic collision in mid- to late Arenig times. 

The ensuing amalgamation of the Tyrone Igneous Complex and Central Inlier on 

the Laurentian continental margin was relatively rapid.

Photograph 2.3

Tonalite intruded by rhyolite at Cashel Hill, Co. Tyrone.

Photograph 2.4

Siliceous ironstone, Beagh Beg, Co. Tyrone.
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the late ordovician-early silurian sedimentary cover sequence
The Ordovician and Silurian rocks of the Pomeroy Inlier, i.e. the Desertcreat 

Group and the Little River Group (Mitchell, 1977), rest unconformably on the 

Tyrone Igneous Complex. Therefore, uplift and unroofing of the Central Inlier and 

Tyrone Igneous Complex had occurred by mid-Caradoc times in the 5–15 million 

years after obduction and arc related magmatism. Some 50 km to the southwest, 

is the fault-bounded inlier of Silurian rocks at Lisbellaw. Although composed of 

sedimentary rocks resembling those in the Southern Uplands-Down-Longford 

Terrane, the Lisbellaw rocks underwent a radically different tectono-thermal 

history being relatively uncleaved and with much lower organic carbon maturation 

levels.

Desertcreat Group
The Bardahessiagh Formation, including the ‘Junction Beds’, comprises a 

conglomerate at the base of the succession, overlain mostly by coarse-grained 

sandstone that passes up into fine-grained sandstone and mudstone that 

constitute the Junction Beds. The mid-Caradoc (Burrellian Stage) brachiopod 

and trilobite fauna in the Bardahessiagh Formation is of Laurentian aspect and has 

much in common with faunas found in rocks of similar age at Girvan in Scotland 

(Ingham, 2000) and in North America.

The Killey Bridge Formation comprises grey siltstone and mudstone with 

subordinate sandstone. Faunas in the formation are Ashgill and compared to 

those in the Bardahessiagh Formation were more cosmopolitan; the fauna 

included many genera of brachiopods and trilobites that, in the Caradoc, were 

restricted to the margins of either Baltica or Avalonia and to separate Baltic or 

Anglo-Welsh faunules respectively.

The Tirnaskea Formation is a pyritous grey siltstone with rare fossils. The top 

of the formation and contact with the succeeding Little River Group represents 

the conformable Ordovician-Silurian systemic boundary. The faunas lived in deep, 

cold water in a dark, poorly oxygenated and nutrient-starved environment.

Little River Group
The Silurian Little River Group (Fearnsides et al., 1907) consists of graptolitic 

mudstones with rare, thin sandstones. Lithological divisions are characterised 

in four main parts of the outcrop. The exposure of the Crocknagargan ‘beds’, 

representing the base of the Little River Group, comprises poorly graptolitic 

mudstone. In the Slate Quarry river [H727 729], higher strata in this unit contain 

a more diverse graptolite fauna and are succeeded by the Slate Quarry ‘beds’ 

with the Edenvale ‘beds’ at the south end of the exposure. The base of the 

Edenvale ‘beds’ is represented by the Dimorphograptus band, comprising 1 m 

of calcareous mudstone with thin, bands of pale yellow bentonite. The most 

continuous exposure of this Group is in the Little River where long sections in the 

Edenvale and Mullaghnabuoyah ‘beds’ contain diverse graptolite faunas. The 

Lime Hill ‘beds’ are exposed only in a stream section [H694 739] at Lime Hill.

Lisbellaw Inlier
The Lisbellaw Formation consists of fossiliferous mudstone and silty mudstone 

with some greywacke beds. Near the middle of the succession, the Leambreslen 

Conglomerate Member comprises conglomerate beds that are exposed in the 

centre of Lisbellaw and in the Council quarry [H295 411] west of the village. More 

than 90% of the well-rounded clasts consist of quartzite, with minor vein quartz, 

jasper and granite. Palaeocurrent data suggest that the sediments were derived 

from the north and northeast (Simon, 1986).

southern uplands-doWn-longford terrane
The bedrock of Counties Down and Armagh consists mainly of Lower Palaeozoic 

marine sedimentary rocks. These consist almost entirely of thick, well-bedded 

Ordovician and Silurian turbidite sequences comprising greywacke sandstone, 

siltstone and mudstone with several thin formations consisting of chert and spilitic 

lavas, and mudstone with bentonites (volcanic ash falls). These are part of the 

Southern Uplands-Down-Longford Terrane, which is one of the most distinctive 

terranes in the collage assembled by orogeny in the Ordovician, Silurian and 

Devonian periods to form the Northern Ireland sector of the British and Irish 

Caledonides (Anderson, 2004). The terrane is segmented by major strike-parallel 

faults typically spaced at 1–5 km into a number of blocks or tracts (Geological 

Survey of Northern Ireland, 1997). Many of the tracts expose successions of thick 

turbidites resting, typically with sharp, but essentially conformable boundaries, on 

a thin sequence consisting, very rarely, of spilitic lavas and cherts of the Crawford 

Group and more commonly of fossiliferous black and grey mudstones of the 

Moffat Shale Group. Within the terrane the strata young predominantly to the 

north but the strike-parallel faults repeatedly throw down younger beds on their 

southern side so that the age of the Moffat Shale Group decreases incrementally 

southward by the equivalent of one or two graptolite zones per tract.

In Northern Ireland, as in the Southern Uplands of Scotland, the Southern 

Uplands-Down-Longford Terrane is divided into a Northern Belt of Ordovician 

rocks, a central Belt of Ordovician-Silurian rocks and a Southern Belt of wholly 

Silurian rocks. The Northern Belt is separated from the Central Belt by the 

Orlock Bridge Fault which demonstrates a large, sinistral strike-slip displacement 

(Anderson and Oliver, 1986). The Cloghy Fault separates the Central and Southern 

belts. Where possible, standard and accepted lithostratigraphical names are 

used for recognisable units in the succession. This applies particularly to the thin 

units underlying the turbidites, such as the Crawford Group for the spilitic lavas 

and cherts and the Moffat Shale Group for the mudstones with thin bentonites. 

However, there is still a plethora of lithostratigraphical names used to describe 

the turbidite succession. Thus, within the terrane the Moffat Shale Group is the 

temporal equivalent of large parts of both the Leadhills Supergroup and Gala 

Group in the same area. In addition, the Leadhills Supergroup and the Gala and 

Hawick groups are composed of numerous formations which do not form part of a 

single continuous succession but rather occur in separate fault-defined tracts.

Crawford Group
In Northern Ireland the oldest rocks exposed in the Northern Belt, and the northern 

parts of the Central Belt, belong to the Crawford Group (Geological Survey of 

Northern Ireland, 1985) of late Llanvirn (mid-Llandeilian) age. These are only 

exposed in the Acton Inlier and comprise some 5 m of siliceous mudstone and 

chert. On the south side of Belfast Lough at Helen’s Bay (Sharpe, 1970) about 

25 m of pillow lavas and a thin conglomerate with spilite clasts of the Crawford 

Group are succeeded by mudstones of the Moffat Shale Group.

Moffat Shale Group
The Moffat Shale Group is much more widespread than the Crawford Group and 

is divided into four formations, the Glenkiln Shale, Lower Hartfell Shale, Upper 

Photograph 2.5

Two soft, light green, Bentonite beds displaced by small scale faults. Upper 

Birkhill Shale Formation (Moffat Shale Group) at the ‘pit’ locality, Coalpit Bay 

[J595 788], 1km south of Donaghadee, Co. Down. (7cm scale bar).

Photograph 2.6

Tight, upright syncline showing thickening of beds into fold hinge. Kearney 

Siltstone Formation (Hawick Group), Kearney Point [J647 513], 5.5km east of 

Portaferry Co. Down. (Hammer 33cm long).
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Hartfell Shale and Birkhill Shale, with a total thickness of about 100 m. Lithologically 

it consists of black to dark and pale grey mudstones with siltstones and chert 

beds and numerous very thin bentonites (Photograph 2.5). In the Northern Belt 

tracts, the Moffat Shale Group is stratigraphically succeeded by several different 

turbidite formations, collectively assigned to the Leadhills Supergroup. South 

of the Orlock Bridge Fault, turbidite formations of the Gala Group also rest on 

progressively younger units of the Moffat Shale Group. South of the Cloghy Fault 

turbidites of the Hawick Group are not seen to rest on the Moffat Shale Group. 

The best exposure, and most complete development, of the Moffat Shale Group 

is at Coalpit Bay, 1 km south of Donaghadee (Anderson, 2004; Swanston and 

Lapworth, 1877). Here, the conformable contact with the overlying coarse quartz-

rich turbidites of the Gala Group is well exposed at the pit and along strike to the 

east, where it is displaced by several small strike-slip faults.

The many other outcrops of the Moffat Shale Group in Counties Down and 

Armagh are useful markers of the southern edges of the fault-defined accretionary 

tracts. The mudstones typically occur as imbricated fault slices at the underthrust 

base of each tract. In Co. Armagh, the Moffat Shale Group is preserved in the 

Acton Inlier. At Tieveshilly, near the southern tip of the Ards Peninsula, the outcrop 

of the Moffat Shale Group is located further southeast in the terrane than any 

other Moffat Shale outcrop in Ireland (Anderson and Rickards, 2000). It is directly 

and conformably succeeded by 150 m of Gala-type turbidites which pass up 

conformably into 600 m of carbonate-rich fine sandstone, siltstone and mudstone 

of Hawick Group aspect.

Leadhills Supergroup
The Ordovician Leadhills Supergroup is the collective name given to the several 

turbidite formations which rest on the Moffat Shale Group in the Northern Belt 

(Floyd, 1996). Inland, southwestward along strike, the Northern Belt is concealed 

beneath Triassic rocks in the Dundonald gap. It re-emerges south of Belfast 

and continues west-southwest into Co. Armagh and Co. Monaghan as a poorly 

exposed, narrow strip in which tract boundaries have yet to be established.

Gala Group
Between the Orlock Bridge and Cloghy faults, the Central Belt is formed of at least 

eight accretionary tracts in which thick turbidite formations of the Gala Group 

succeed the Moffat Shale Group. These tracts are identified as Gala 3, 4, 5, 6, 

7, 7+1, 7+2 and 7+3 (Geological Survey of Northern Ireland, 1997). Gala tracts 1 

and 2 of the Scottish outcrop have not been recognised in Counties Down and 

Armagh. The presence of additional tracts 7+1, 7+2 and 7+3 helps to explain the 

fact that the outcrop of the Central Belt in Counties Down and Armagh is at least 

45 km across the strike and is some 15 km wider than in southwest Scotland. 

In all these tracts the coarser sedimentary clasts that occur in the turbidites 

demonstrate a homogeneously quartz-rich petrography.

Hawick Group
The distal turbidite sequences of the Hawick Group (Photograph 2.6, 2.7) are 

restricted to the Southern Belt south of the Cloghy Fault and are largely composed 

of thinly bedded, fine-grained sandstone and siltstone, commonly with thick 

mudstone interbeds and common bentonites. Carbonate comprises up to 20% 

of the rock, extensively replaces the original clay matrix of the greywacke and can 

occur as concentrations in nodules or concretions. Thin red mudstones occur 

irregularly throughout the Hawick Group and rare detrital red micas can be seen 

on fresh surfaces of the siltstones and fine sandstones.

late palaeozoIC IntrusIVes
Late Palaeozoic intrusives in Northern Ireland are largely confined to the Southern 

Uplands-Down-Longford Terrane in Counties Down and Armagh (Geological 

Survey of Northern Ireland, 1997). By far the largest is the Newry Igneous Complex 

which was intruded after closure of the Iapetus Ocean. The intrusion post dated 

continental collision in the end Silurian-early Devonian period and coincided with 

the onset of sinistral transpression in the Iapetus suture zone (Murphy, 1987). 

The complex was emplaced in Silurian greywacke and mudstone and consists 

of an early intrusion of intermediate and ultramafic rocks at its northeastern end 

followed by three overlapping granodiorite plutons. The intrusion of the Newry 

Igneous Complex was associated with the injection of dykes and sills of largely 

lamprophyric composition in two separate episodes (Reynolds, 1931). These 

minor intrusions are genetically related to the northeastern sector of the complex 

and are thus concentrated in Co. Down.

newry Igneous Complex
The Complex consists of late orogenic, I-Type (Caledonian) granitic rocks. Their 

intrusion between c. 414–407 Ma (Cooper et al., 2013) is believed to have 

originated by crystal fractionation firstly of intermediate magma of upper mantle 

origin producing the ultramafic rocks and associated meladiorites, with the three 

granodiorite plutons representing fractionation of a more evolved melt on a larger 

scale at deeper crustal levels (Meighan and Neeson, 1979).

the ultramafic-Intermediate Complex
Ultramafic rocks consisting of biotite pyroxenite and augite biotitite, and associated 

meladiorites of intermediate composition are part of a layered intrusion that 

is confined to the northeast end of the Newry Igneous Complex in a close 

relationship with intermediate rocks. The ultramafic rocks are mineralogically 

inhomogeneous, clinopyroxene-rich and biotite-rich varieties having sharp 

contacts. The meladiorites are commonly heterogeneous with variable content of 

either biotite or clinopyroxene. The ultramafic and intermediate rocks are typically 

coarse-grained and have intricate contact relationships (Photograph 2.8). Based 

on field evidence, the ultramafic rocks and associated meladiorites probably 

developed as crystal cumulates from an intermediate magma. Intermediate rocks 

consisting of augite-hypersthene monzonite, monzodiorite and more rarely augite-

biotite diorite are concentrated at the margin of the northeast granodiorite pluton. 

In the meladiorites, olivine can be abundant but quartz is usually absent. Both 

the intermediate and ultramafic rocks are intruded and veined by granodiorite 

of the northeast pluton. At the margin of the Ultrabasic-Intermediate Complex, 

contact metamorphism has altered the Silurian country rock to a cordierite 

hornfels in which ‘fusing’ and remobilisation of the sediments may have destroyed 

bedding.

the granodiorite plutons
Granodiorite forms the largest part of the Newry Igneous Complex and whilst 

it occurs in three distinct plutons it is likely that several magma pulses were 

involved in the formation of each pluton (Meighan, and Neeson, 1979). While 

the northeast and southwest plutons have more basic margins and relatively 

Photograph 2.7 

Very tight, upright anticline refolded by open fold pair verging and gently 

inclinded to the SSE. Kearney Siltstone Formation (Hawick Group), Whitehouse 

Port [J645 550], 1km south of Cloghy, Co. Down.

Photograph 2.8

Alternating dark biotite pyroxenite (ultrabasic composition) and light meladiorite 

(intermediate composition) of the Ultramafic-intermediate complex (Newry 

Igneous Complex). Ardglass [J320 422], Co. Down. (Hammer 33cm long).
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quartz-rich central portions, the rocks of the central pluton show an opposite 

trend. At the margins of the plutons the granodiorite has a penetrative, steeply 

inclined mineral foliation that is sub-parallel to the Silurian envelope rocks. This 

deformation is not apparent towards the centre of the plutons. The normally zoned 

northeast pluton is composed of medium- to coarse-grained granodiorite, with 

igneous and sedimentary xenoliths. The reversely zoned central pluton shows 

an early-formed marginal facies of porphyritic ‘rhyolite’ intervening between 

hornfelsed and mobilised Silurian rocks and medium- to coarse-grained unfoliated 

biotite-hornblende granodiorite. The marginal granodiorite is notably more acidic 

than the rock at the centre of the pluton. The normally zoned southwest pluton 

comprises biotite granite with sheets of early microgranite and diorite intruding 

and hornfelsing Silurian country rock.

lamprophyre Intrusions
Numerous lamprophyre dykes (Photograph 2.9) and subconcordant intrusions 

are mainly orientated parallel to the northeast-southwest structural grain of the 

Southern Uplands-Down-Longford Terrane. Two distinct phases of lamprophyre 

intrusion are recognised in Co. Down (Reynolds, 1931). An earlier ‘crushed’ 

series were cleaved, but are not folded by the D1 deformation and occur mainly 

in the southern part of the Ards Peninsula, Co. Down (Cameron, 1981). The 

implication is that intrusion of this earlier series of lamprophyres overlapped in 

time with intrusion of the Newry Igneous Complex and with the continuing D1 

deformation. A later suite of unfoliated, post-tectonic, lamprophyre intrusions are 

most numerous in north Co. Down and on the east coast of the Ards Peninsula 

(Anderson and Cameron, 1979). The majority of the undeformed lamprophyres 

are identified as vogesite or minette, with hornblende and biotite/pyroxene 

respectively as the dominant phenocrysts, although spessartite, which contains 

phenocrystic hornblende in a plagioclase-dominated groundmass and kersantite, 

a biotite lamprophyre, are also recorded. In contrast to the Co. Down dyke 

swarm the orientation of the majority of inland intrusions is NNW-SSE, parallel 

to the Palaeogene basic dykes. While there is little doubt that the lamprophyres 

are Caledonian, the age of a few non-lamprophyric intrusions composed of 

pitchstone, felsite, microdiorite, quartz trachyandesite and quartz-hornblende 

trachyte is unclear but all are most likely late Palaeozoic (Geological Survey of 

Northern Ireland, 1984).

deVonIan
In Ireland, there is evidence that uplift of the Caledonide mountains occurred in 

early Devonian times and was accompanied by rapid subsidence of non-marine 

sedimentary basins to the south of their southern margin, which was bounded 

by the active Highland Boundary Fault (Figure 1). Conglomerate and coarse-

grained sandstone deposited on alluvial fans banked up against the mountain 

front with finer sediment deposited to the south on alluvial floodplains and in lakes 

in the axial region of the basins (Simon and Bluck, 1982). In Northern Ireland, 

dated early Devonian rocks belonging to the Fintona Group occur in the area 

known as the Fintona Block, in Counties Tyrone and Fermanagh (Stephenson 

and Mitchell, 2002).

In northeast Co. Antrim, a thick sequence of unfossiliferous Palaeozoic red 

beds, that rest unconformably on Neoproterozoic metamorphic basement and are 

overlain by the mid- to late Triassic Mercia Mudstone Group, have been assigned 

historically in part to the Devonian and Carboniferous (Simon, 1984a, b). Based 

on radiometric dates obtained from interbedded lavas, the Cross Slieve Group is 

more confidently assigned to the early Devonian, and therefore the oldest part of 

the succession. Palaeomagnetic data from the succeeding Red Bay Formation 

indicates a late Carboniferous-early Permian age (Turner et al., 2000). At the top of 

the sequence, the Red Arch Formation is now regarded as the conglomeratic base 

to the early Triassic Sherwood Sandstone Group. All Devonian rocks in Northern 

Ireland are red beds and were deposited as alluvium in continental basins.

Fintona Group
The Fintona Block is a fault-bounded area of Devonian and Carboniferous rocks 

that is divided into two main parts by the Tempo-Sixmilecross Fault (Mitchell 

and Owens, 1990).

North of the fault undated Devonian rocks of the Tedd Formation are found 

in the fault-bounded lenticle of the Tedd Cross Roads Segment and consist of 

500 m of red beds including pebbly and coarse-grained sandstone that fine 

upwards into fine-grained sandstone, siltstone and reddish brown mudstone. 

The outcrop of the Shanmullagh Formation (Photograph 2.10) in the Irvinestown 

Segment extends from the basal unconformity that rests on the Tyrone Igneous 

Complex in the east near Sixmilecross to the shores of Lower Lough Erne at 

Killadeas, about 40 km to the west-southwest. The lowest strata are coarse-

grained pebbly sandstone interbedded with thin, fine-grained sandstone and 

mudstone. However, much of the formation consists of massive sandstones 

and mudstone laminae with ripples and desiccation cracks. Sandstone also 

occurs in channels with dimensions varying from shallow washout structures to 

features up to 2 m deep and is associated with sandy siltstone, mudstone and 

palaeosols with calcrete nodules.

South of the Tempo-Sixmilecross Fault, the Fintona Group comprises three 

formations, namely the Shanmaghery Sandstone, Gortfinbar Conglomerate and 

Raveagh Sandstone formations (Geological Survey of Northern Ireland, 1982). 

The Shanmaghery Sandstone Formation consists of about 600 m of coarse-

grained, calcareous sandstone with thin siltstones and mudstones. Palaeocurrent 

data indicate bimodal current flow from the northeast, deriving clasts from the 

Tyrone Igneous Complex and from the southwest. The Gortfinbar Conglomerate 

Formation comprises about 2500 m of volcaniclastic boulder and pebble 

conglomerates with a source for the volcanic debris in contemporaneous trachyte 

and trachy-andesitic lavas. A radiometric date of 375±2 Ma (Givetian to Frasnian) 

records a mid- to late Devonian extrusive event. A second date of 275±6 Ma 

for reddish coloured lava indicates an early Permian resetting event induced by 

hydrothermal alteration during the Variscan Orogeny. The Raveagh Sandstone 

Formation consists of about 350 m of fine-grained sandstone.

Cross Slieve Group
The Cross Slieve Group consists of about 1300 m of mainly conglomeratic red 

beds and is divided into three formations (Simon, 1984a). The basal Cushendun 

Formation commences with a thin, schist-rich, basal breccia that rests on the 

Dalradian but is succeeded by about 600 m of conglomerates composed 

mainly of well-rounded quartzite clasts that have a northwest provenance. The 

succeeding Ballyagan Formation consists of 600 m of very coarse-grained 

volcaniclastic sandstones with mudstones showing desiccation cracks. At the 

top of the succession the Cushendall Formation (Photograph 2.11) is largely 

conglomeratic but the majority of the clasts consist of andesite that was derived 

Photograph 2.9

Horizontal lamprophyre sill (25cm thick) cross-cuttingupright anticline and 

syncline in Kearney Siltstone Formation (Hawick Group). Kearney Point [J 646 

512] 5km east of Portaferry, Co. Down. (Hammer 33cm long).

Photograph 2.10

The Shanmullagh Formation of the Fintona Group in the stratotype comprising 

fine- to medium-grained feldspathic sandstone with mudstone clasts, ripples 

and thin layers of mudstone. Disused quarry [H520 604], Drumduff Townland, 

2.4km NNE of Irvinestown, Co. Fermanagh.
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from contemporaneous lavas. At Cushendall, the Cushendall Porphyry, which 

marks the top of Cross Slieve Group, consists of dacitic lava flows and is 

radiometrically dated to 406±1 million years old (Noble pers. comm., 2009).

CarbonIferous
Carboniferous rocks in Northern Ireland reflect the proximity of land at all 

times. Their cumulative thickness of 7000 m is represented mainly by Lower 

Carboniferous (Tournaisian, Viséan and early Namurian) rocks in Co. Fermanagh, 

the Fintona Block, with peripheral sections at Coalisland and isolated basins 

such as Newtownstewart. The most continuous outcrop and succession in 

Co. Fermanagh and south Co. Tyrone extends eastwards into north Co. Armagh. 

The Carboniferous outcrop in the eastern part of Northern Ireland is reduced to 

outliers at Ballycastle, Cultra, Castle Espie and Carlingford Lough.

The arrival of the first marine transgression in Northern Ireland, in the 

late Tournaisian, brought to an end the extended period of continental desert 

conditions that had persisted since the early Devonian (Clayton and Higgs, 1979), 

and was the beginning of the turbulent 65 Ma history of the Carboniferous in 

Northern Ireland (c.355–290 Ma). There is evidence of intermittent tectonic activity 

as this area straddled an active zone of dextral strike slip. By the end of the 

Carboniferous, when the Variscan Orogeny had reached maximum intensity, all 

of Ireland was land and the Variscan Mountains stretched across the northern 

part of the country.

This description of the Carboniferous rocks in Northern Ireland starts with 

the four outliers in the eastern part of Northern Ireland at Ballycastle, Cultra, 

Castle Espie and Carlingford, is followed by a north-south traverse covering 

the outcrop in Co. Londonderry, east Co. Tyrone, the Newtownstewart outlier 

and Co. Armagh and concludes with the largest Carboniferous outcrop in the 

southwest part of Northern Ireland.

Ballycastle Group
The Ballycastle area is the only coastal location of Carboniferous coal seams 

in Ireland (Geological Survey of Northern Ireland, 2002). The lowest unit of the 

Ballycastle Group, the Eglish Sandstone Formation, rests unconformably on 

the Dalradian and consists of 215 m of conglomerates and sandstones. The 

succeeding Carey River Basalt Formation comprises up to 40 m of crudely 

columnar, subaerial olivine basalt and is overlain by 61 m of mudstone with lithic 

and vitric tuffs of the Glenshesk Tuff Formation. The lowest coal seams in the 

area are contained within bituminous mudstones of the 41 m thick Murlough 

Shale Formation. The 350 m thick Ballyvoy Sandstone Formation is exposed in 

cliffs between Ballycastle and Fair Head and although few coal seams are visible 

their stratigraphical position is well documented. In addition there is a single bed 

of limestone and occasional mudstones with beds of ironstone. The Brigantian-

Pendleian (Viséan-Namurian) boundary is located at the base of the Main Coal, 

about 100 m below the top of the succession.

Holywood Group
The late Tournaisian Holywood Group, exposed between Cultra and Craigavad in 

north Co. Down, rests unconformably on Ordovician strata and is overlain by the 

Permian (Griffith and Wilson, 1982). The basal pebbly sandstones and sandstones 

of the Craigavad Sandstone Formation (140 m) are succeeded by dark grey 

mudstones with thin beds of algal laminated (cyanobacterial) limestone.

Castle Espie Group
This Group was formerly exposed in quarries at Castle Espie at the north end of 

Strangford Lough and comprises pink limestones with a Brigantian fauna and 

greenish and purplish red mudstone.

Carlingford Limestone Group
The outcrop of the mid-to late Arundian Carlingford Limestone Group, on the 

north side of Carlingford Lough, is a continuation of a larger area of outcrop 

in Co. Louth in the Republic of Ireland (Geological Survey of Northern Ireland, 

1997). The Group consists mainly of silty limestone and calcareous siltstone with 

subsidiary calcareous sandstone, and sandy and oolitic limestone with ripple, 

parallel and cross-laminations, and pebbles of locally derived vein quartz and 

Lower Palaeozoic greywacke.

Roe Valley Group
The outcrop of the late Tournaisian Roe Valley Group (Mitchell, 2004) is confined to 

Co. Londonderry and extends northwards from Moneyneany to the Limavady area 

and then west skirting the south side of Lough Foyle. At the base of the Group, the 

Spincha Burn Conglomerate Formation rests on Dalradian basement and consists 

of 25–100 m of conglomerate, with pebbles only of rounded vein quartz and 

greenish grey quartzite, interbedded with sandstones. The succeeding Barony 

Glen Formation (Photograph 2.12) comprises at least 750 m of sandstone, siltstone 

and mudstones with calcrete layers and nodules and grey mudstones with algal 

laminated limestones in the upper part. These sediments were deposited initially 

in a continental basin with temporary lakes which was then exposed to the 

increasing influence of the late Tournaisian marine transgression.

Resting entirely on Dalradian rocks in Co. Tyrone, the Newtownstewart Outlier 

(Geological Survey of Northern Ireland, 1997) also consists of sedimentary rocks 

of the Roe Valley Group. Although the lithostratigraphical divisions recognised 

in Co. Londonderry are still present in the Outlier, the basal Spincha Burn 

Conglomerate Formation is now up to 850 m and the Barony Glen Formation at 

least 1000 m thick.

Omagh Sandstone Group
In the Omagh area of Co. Tyrone, around the margins of the Lack Inlier, the 

outcrop of the Omagh Sandstone Group is composed of isolated remnants of 

sedimentary rocks that were deposited by the first, and formerly more extensive, 

marine transgression into Northern Ireland, in the late Tournaisian. However, 

uplift, folding and erosion in the late Courceyan and early Chadian subsequently 

reduced the outcrop of the Omagh Sandstone Group. Characteristic lithologies 

range from red sandstone, with calcrete nodules and pebbles of white quartz at 

the base of the group, to greyish green sandstone, siltstone and mudstone. Thin 

algal (cyanobacterial) limestones and beds with evaporite replacement textures 

and crinoidal sandstone with rare brachiopods are also present. The Omagh 

Sandstone Group and overlying Tyrone Group are separated by an unconformity 

(Geological Survey of Northern Ireland, 1995).

fintona block
In the Fintona Block, Carboniferous rocks are restricted (Mitchell and Owens, 

1990) to the fault-bounded and lithostratigraphically distinctive Milltown and 

Tempo-Lisbellaw segments (Geological Survey of Northern Ireland, 1982; 1995). 

Photograph 2.11

Interbedded sandstone and conglomerate of the Cushendun Formation showing 

the predominance of quartzite pebbles and large cobbles. Coastal exposure 

[D252 324] 500m  southeast of Cushendun, Co. Antrim. (Hammer 46cm long).

Photograph 2.12

The Barony Glen Formation in the stratotype at Barony Glen [C731 016], 9km 

WNW of Draperstown, Co. Londonderry.
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Each of the segments is fault-bounded and their distribution and structural setting 

was the result of uplift, strike-slip and deformation during the Variscan Orogeny, 

particularly for the strata in the Milltown Segment.

tempo-lisbellaw segment

Kilskeery Group
All the sedimentary rocks of this Group were deposited in a continental basin that 

commenced life in the late Asbian and probably closed in the early Namurian, but 

was never exposed to a marine influence (Mitchell and Owens, 1990). The basal 

Topped Mountain Sandstone Formation (1000 m) consists of fine- to coarse-

grained grey sandstones and mudstones with calcrete nodules. The hills of Largy, 

Ballyreagh and Brougher Mountain are formed of the Ballyreagh Conglomerate 

Formation (350 m) comprising conglomerates and pebbly sandstones, in which 

the clasts are mainly Lower Palaeozoic greywacke sandstone, with interbedded 

thin siltstones and mudstone. At the top of the Group the Ballinamallard Mudstone 

Formation consists mainly of greyish red mudstones with thin sandstone members 

(Geological Survey of Northern Ireland, 1982).

Milltown segment
Located at the northern edge of the Fintona Block the margin of the Milltown 

Segment coincides with the trace of the Omagh Thrust Fault (Mitchell and Owens, 

1990). During the final stages of the Variscan Orogeny, Carboniferous continental 

basins of Viséan-Namurian (Greenan Sandstone Formation) and Westphalian 

(Slievebane Group) age, were virtually destroyed by a combination of strike-slip 

and southeasterly-directed overthrusting of Dalradian rocks in the Lack Inlier and 

at the southern margin of the Sperrin Mountains.

Greenan Sandstone Formation
Above the exposed basal unconformity with Dalradian rocks of the Lack Inlier this 

Formation consists of about 500 m of purple-red sandstones with thin mudstones 

of Brigantian-Pendleian age (Mitchell and Owens, 1990). Rhyolitic lava occurs 

towards the top of the Formation east of Omagh.

Slievebane Group
This Group comprises two formations of Westphalian A (Langsettian) and 

Westphalian B (Duckmantian) age (Mitchell and Owens, 1990). A basal unit 

comprising about 80 m of purplish brown and greenish grey mudstone, siltstone 

and sandy palaeosol, the Tullanaglare Mudstone Formation, is succeeded abruptly 

by the Drumlish Conglomerate Formation (Photograph 2.13), which consists of at 

least 1000 m of volcaniclastic conglomerates and very coarse- to fine-grained 

sandstones. Volcanic rocks of trachyandesite composition in the Omagh Thrust 

Fault zone may be the source of the lava clasts in the conglomerate.

Tyrone Group
The main Carboniferous outcrop in Northern Ireland is present in Counties 

Fermanagh, Tyrone and Armagh (Mitchell, 2004). Of all the lithostratigraphical 

Groups that appear in this area, the occurrence of the Tyrone Group is a consistent 

feature of the Carboniferous succession. In contrast, the appearance of the partly 

contemporaneous Armagh Group and the younger Leitrim Group is more localised. 

The lithostratigraphy of the Tyrone Group comprises a standard sequence of six 

formations, namely the Ballyshannon Limestone, Bundoran Shale, Mullaghmore 

Sandstone, Benbulben Shale, Glencar Limestone and Dartry Limestone that is 

recognised either entirely, or in part, across these three counties. Lithological 

units consistent with the definition of the Tyrone Group are also recognised in 

Co. Armagh, but none of the standard six formations listed above are present and 

the composition of the group is thus based entirely on new formations. In parts 

of Counties Fermanagh and Tyrone that lay closer to the shorelines of the main 

Carboniferous depositional basin, such as between Kesh and Omagh and in the 

Lisnaskea area, the composition of the Tyrone Group either may be augmented 

by new lithostratigraphical formations or may be missing some of the standard 

sequence of formations. Across this area the multitude of different depositional 

environments that existed during the early stages of the main early Carboniferous 

transgression have led to the recognition of a variety of lithological units and a 

plethora of formation names that are restricted to different parts of the outcrop.

basal Carboniferous units (late tournaisian-early Viséan)
Within the Tyrone Group, the Ballyshannon Limestone Formation (Photograph 2.14) 

is the earliest unit that is recognised consistently across this area, with the 

exception of Co. Armagh. Using this formation as a baseline, it is the units that 

precede this formation that show the greatest lithological variation in Counties 

Fermanagh and Tyrone and range in age from the late Tournaisian (Courceyan-

early Chadian) to the early Viséan (late Chadian). The oldest Basal Carboniferous 

Units always occur near the southern edge of the outcrop in the Lisnaskea 

area and in Co. Armagh, where there is a conformable Dinantian sequence in 

the Tyrone Group, while the youngest Basal Carboniferous Units overlie a local 

unconformity which only developed in the north of the outcrop, in the northern 

part of the Kesh-Omagh area.

Co. londonderry
The outcrop of the early Chadian Tyrone Group in the Draperstown area of south 

Co. Londonderry extends south into Co. Tyrone and then southwest towards 

Enniskillen in Co. Fermanagh. The basal Iniscarn Formation (400 m) consists of 

purplish red breccia and conglomerates with clasts of metamorphic lithologies 

ranging from pebbles to very large boulders. It fines up into the Altagoan Formation 

which consists, at its base, of continental deposits of the Drumard Member (250 m) 

including reddish brown sandstones, siltstones and mudstones. The succeeding 

Mormeal Member (300 m) was deposited in peritidal and sabkha environments 

and consists of mudstone and channelised sandstone with evaporite beds of 

halite and gypsum or anhydrite pseudomorphed by calcite (Geological Survey 

of Northern Ireland, 1983; Cameron and Old, 1997).

lisnaskea
In the Lisnaskea area, the sub-Ballyshannon Limestone succession in the Tyrone 

Group consists of the Fearnaght, Cooldarragh, Ulster Canal and Ballysteen 

formations (Geraghty, 1997). The Fearnaght Formation rests unconformably on 

Ordovician rocks of the Southern Uplands-Down-Longford Terrane. The lithological 

sequence in these formations is a record of the marine transgression that moved 

northwards across Ireland in the late Tournaisian, drowning the northern edge of 

the Lower Palaeozoic landmass. Commencing with conglomerates and continental 

red-beds in the Fearnaght Formation (20 m), the Cooldarragh Formation (125 m) 

was deposited in shallow peritidal and evaporitic marine conditions, followed by 

Photograph 2.14

Contact of the Ballshannon limestone formation and the Bundoran Shale 

formations, Bundoran [G742 571] Co. Donegal.

Photograph 2.13

The Drumlish Congolomerate Formation, Straduff quarry [H343 666], 16km ENE 

of Kesh, Co. Tyrone. Vertical bedding youngs to the right.
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near-shore sandstones and sandy limestones of the Ulster Canal Formation (30 m) 

with the open platform limestones and mudstones of the Ballysteen Formation 

(120 m) at the top.

Clogher Valley
Along the north side of the Clogher Valley around Fivemiletown and northeastwards 

in Co. Tyrone to near Cookstown, the sub-Ballyshannon Limestone succession in 

the Tyrone Group consists of two formations. The Ballyness Formation comprises 

300 m of non-marine, purplish red sandstone and conglomerate and is succeeded 

conformably by the Clogher Valley Formation (400 m). This is divided into a lower 

part consisting of fenestral micrite, siltstone, sandstone, evaporite beds and 

mudstone, a middle sandstone unit and an upper part of wholly marine mudstone, 

siltstone, sandstone and thin crinoidal limestone.

kesh-omagh area
In the north of this area the sub-Tyrone Group unconformity and late Chadian 

Claragh Sandstone Formation overstep the Omagh Sandstone Group westwards 

and rest on the Dalradian. Coarse-grained, pebbly, lithic arkose of the Claragh 

Sandstone Formation (700 m), are succeeded by the Termon River Limestone 

Formation which is 1.2 m thick in the north with a maximum of 30 m of peritidal 

limestones in the south. The overlying and partly contemporaneous late Chadian-

early Arundian Bin Mountain Sandstone Formation (55 m) comprises calcareous 

sandstones, oolitic limestones and pebbly sandstones (Geological Survey of 

Northern Ireland, 1995).

belleek area
At the northern edge of the main Carboniferous outcrop in Co. Fermanagh, the 

Basal Carboniferous Unit is the late Tournaisian (early Chadian) Keenaghan 

Shale Formation. This unit rests unconformably on the Moinian Lough Derg 

Group and consists of about 20 m of shallow marine and peritidal sandstone, 

micritic limestone and mudstone. At the base of the succeeding Ballyshannon 

Limestone Formation, Waulsortian mud-mound facies limestone and mudstone 

of the Magherameena Limestone Member are early Chadian (Geological Survey 

of Northern Ireland, 1995).

Viséan units (late Chadian-brigantian)
Across much of the Carboniferous outcrop the remainder of the Tyrone Group 

consists of six Viséan formations, namely the Ballyshannon Limestone, Bundoran 

Shale, Mullaghmore Sandstone, Benbulben Shale, Glencar Limestone and Dartry 

Limestone formations (Photograph 2.15). Each formation is prone to thickness 

variations and most of them acquire additional thin lithological units that are 

recognised as members. This succession of sedimentary rocks were deposited 

by a marine transgression that eventually drowned most land areas in Northern 

Ireland, although there are indications of early Variscan instability at the top of 

most formations, in the form of evidence of transitory regression.

Co. fermanagh
The late Chadian to early Arundian Ballyshannon Limestone Formation (150 m) 

is divided into three informal ‘members’. The lower and upper members are 

argillaceous limestones while the middle member is a grainstone. Thin coarse-

grained limestone and sandstone members at the top of the formation indicate a 

widespread episode of shallowing in the upper part of the formation. The mid- to 

late Arundian Bundoran Shale Formation (100 m) consists of grey, calcareous 

mudstones with thin to thick, often nodular limestone beds. The base of this 

formation is always marked by the presence of a thin bed of sandstone. The 

deltaic Mullaghmore Sandstone Formation (220 m) is present throughout much 

of Co. Fermanagh and south Co. Tyrone but is absent in the Lisnaskea area of 

south Co. Fermanagh where mudstone deposition prevailed. At the base and 

in the middle of the formation are two distinctive members of clean sandstone 

representing shallow marine deposits. A new lithological unit, the Arundian 

Drumchorick Siltstone Formation (100 m), intervenes between the Mullaghmore 

Sandstone and Benbulben Shale formations, for the only occasion, in the Kesh-

Omagh area. It demonstrates a transition from mid-shelf coralliferous limestones 

with siltstones and mudstones to outer shelf mudstones with thin turbiditic 

limestones. During the late Arundian, Holkerian and early Asbian, this record of 

deepening continues in the Benbulben Shale Formation (75 m) and consists of 

mudstones with thin turbiditic sandstones and limestones. Throughout much of 

south Co. Tyrone and Co. Fermanagh, with the exception of the Kesh-Omagh 

and Lisnaskea areas, the Glencar Limestone Formation (18–170 m), consisting 

of alternating limestone and mudstones of equal thickness, illustrates shallower 

water depths and shallowing just below the contact with the succeeding Dartry 

Limestone Formation. At the top of the Tyrone Group, the Dartry Limestone 

Formation (130–280 m) consists of deep-water limestone with abundant chert 

nodules. The limestone was deposited at a time when syn-sedimentary faulting 

in the basin led to the creation of a shallower water ramp that deepened to 

the southwest and which hosted the widespread accumulation of mounded 

limestone of the Knockmore Limestone Member (130 m). The contact between 

the late Asbian Dartry Limestone Formation and the succeeding early Brigantian 

Meenymore Formation of the Leitrim Group is disconformable.

south Co. tyrone
The oldest formation of the Tyrone Group recognised in the Aughnacloy area is the 

Bundoran Shale Formation (Mitchell, 2004). In the absence of the Mullaghmore 

Sandstone Formation, the Bundoran Shale is succeeded by the Benbulben Shale 

Formation (Photograph 2.16). Up to this level in the sequence the stratigraphy is 

identical to the Tyrone Group in many other parts of Co. Fermanagh. However, with 

the incoming of the late Holkerian-early Asbian Aughnacloy Sandstone Formation, 

the stratigraphy assumes the characteristics of the Tyrone Group in Co. Armagh 

where the equivalent unit is the Drumman More Sandstone Formation. These two 

sandstone formations are also equated with the Carland Sandstone Formation of 

east Co. Tyrone. The outcrop of the succeeding early Asbian Maydown Limestone 

Formation, the youngest unit in South Co. Tyrone, extends eastwards to the 

Benburb section, where it is located at the base of the Carboniferous section.

benburb
Between the contrasting Carboniferous sequences of the Tyrone Group in South 

Co. Tyrone and in Co. Armagh is the exposed section of Asbian-Brigantian rocks 

at Benburb (Mitchell and Mitchell, 1983). In the Maydown Limestone Formation 

(126 m), at the base of this section, the succession of lithologies is consistent 

with the changes between the upper part of the Benbulben Shale, the Glencar 

Limestone and Dartry Limestone formations that are typical of the Tyrone Group in 

Co. Fermanagh. Higher strata of the Blackstokes Limestone (20 m), Carrickaness 
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Photograph 2.15

Top bed of cherty facies of the Dartry Limestone Formation with in situ colonies 

of Siphonodendron irregulare. Gortalughany, east side of Cuilcagh Mountain, 

Co. Fermanagh. (Hammer head 20cm long).

Photograph 2.16

Contact between the Ballyshannon Limestone Formation (BAL) and succeeding 

Bundoran Shale Formation (BUNS). Ederny Limestone Member (ELM). Moffat’s 

quarry [H317 718], 3km SSW of Drumquin Co. Tyrone.
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Sandstone (60 m) and Blackwater Limestone (26 m) formations are dominated 

by shallow marine, peritidal and deltaic environments and reflect a transitional 

position in the basin between fully marine conditions of the Tyrone Group and 

the shallow water Leitrim Group.

Co. armagh
Above the sub-Carboniferous unconformity with Ordovician rocks, the Tyrone 

Group comprises the Killuney Conglomerate (80–100 m), Retreat Siltstone (75–

90 m) and Ballynahone Micrite (103 m) formations of the Tyrone Group, that were 

deposited before and during a marine transgression (Somerville et al., 2001). 

They demonstrate a transition from continental red-beds at the base through 

brackish water and marginal marine conditions to peritidal and shallow marine 

at the top. In the latter formation, there is evidence for the occurrence of the 

Courceyan-early Chadian and the early-late Chadian (Tournaisian-Viséan series) 

boundaries. Overlying the Ballynahone Micrite Formation are three relatively thin 

formations that show no correlation with the lithological sequence in the main 

Tyrone Group outcrop in Co. Fermanagh. The lowest of these three formations, 

the 33 m thick Arundian Milford Mills Formation, includes terrestrial deposits with 

beds of calcrete. The succeeding Oulart Villa Limestone Formation consists of 

30 m of open marine limestones and is early Arundian at the base, and mid- to 

late Arundian at the top. The top unit of the Tyrone Group in Co. Armagh is the 

Drumman More Sandstone Formation, which is Holkerian-early Asbian and 

consists of 117 m of reddish brown sandstones with thin coal seams.

Armagh Group 
Co. armagh
The distribution of the Armagh Group in Northern Ireland is confined to a relatively 

narrow outcrop between Co. Armagh, northwards to the Dungannon-Cookstown 

area and finally at Desertmartin. With respect to the late Viséan palaeogeography, 

it is believed that the distribution of the Armagh Group may define a shallow 

water carbonate platform that fringed an area of land lying to the east of the 

platform. In addition to the deposition of very coarse-grained skeletal and 

oolitic limestones, the platform was subjected to frequent and often protracted 

periods of exposure which would account for the very common occurrence of 

palaeokarsts. The Group consists almost exclusively of marine, shallow water 

limestones with palaeokarst surfaces and reddish brown clay palaeosols. In 

Co. Armagh it is represented by three formations of late Asbian to Brigantian 

age (Somerville et al., 2001). All three formations, namely the Wilson’s Bridge 

Limestone Formation (>72 m), Loughgall Limestone Formation (350 m) and at 

the top the Carganamuck Limestone Formation (>35 m) consist of limestones 

interbedded with thin sandstones and palaeokarst horizons and reddish brown 

palaeosol deposits.

east Co. tyrone
The Armagh Group in east Co. Tyrone rests unconformably on the Tyrone Igneous 

Complex (Geological Survey of Northern Ireland, 1983) and on Devonian rocks of 

the Fintona Block and is concealed in the east by Mesozoic and Cenozoic rocks 

(Geological Survey of Northern Ireland, 1960). It comprises two formations of early 

Asbian to late Brigantian age, the Derryloran Grit Formation and the Rockdale 

Limestone Formation (>360 m) (Photograph 2.17) which in most parts of their 

outcrop are usually interbedded. The former consists mainly of sandstone while 

the latter is limestone dominated with thin mudstone and palaeosol horizons 

(Mitchell, 2004).

Co. londonderry
In the Desertmartin area of south Co. Londonderry, the local intra-Carboniferous 

unconformity between the Tyrone Group and late Asbian Desertmartin Limestone 

Formation of the Armagh Group is equivalent to 2000 m of early Chadian to late 

Asbian strata in Co. Fermanagh and south Co. Tyrone. The formation consists 

of sandy grainstones and pebbly sandstone and is succeeded disconformably 

by the Brigantian Meenymore Formation composed of sandstone and mudstone 

with micritic limestone.

Leitrim Group
The change from predominantly marine carbonate and shale deposition of 

the Tyrone Group to the deltaic, evaporitic and shallow marine conditions that 

characterize the Leitrim Group is coincident with the contact between the Dartry 

Limestone Formation and the Meenymore Formation respectively. The abrupt 

lithological change at the formation boundary is a reflection of the change from 

the deposition of deep-water marine carbonates to a sabkha. The contact is 

also a disconformity, which accounts for the thickness variations in the Carn 

Limestone Member, or indeed its complete absence in places, at the top of 

the Dartry Limestone Formation. In other parts of the Carboniferous outcrop in 

Northern Ireland the onset of shale and sandstone deposition of the Leitrim Group 

is delayed until later in the Brigantian and is evidently diachronous.

Co. fermanagh-south Co. tyrone
The Leitrim Group consists of mudstone and sandstone with thin limestone 

(Photograph 2.18) and is characterised by major and minor cyclicity and by the 

lateral persistence of individual beds or members across a wide region (Brandon 

and Hodson, 1984). In Northern Ireland, the most complete section of the Leitrim 

Group on Cuilcagh Mountain is 560 m thick (Legg et al., 1998). At its base the 

Brigantian Meenymore Formation (48–240 m) comprises non-cyclical mudstone, 

siltstone, sandstone and limestone. Algal laminated limestones are particularly 

distinctive and reflect deposition on a sabkha and in intertidal conditions. The 

Glenade Sandstone Formation (75–300 m) is widely exposed in Co. Fermanagh 

with evidence of coarsening-upwards cycles, each one about 10 m thick. Above 

the Glenade Sandstone, the Bellavally Formation (45 m) is composed of cyclical 

sediments which were deposited largely under conditions of evaporation on a 

sabkha, with brief marine and deltaic incursions. Above the Bellavally Formation 

there is an alternation of sediments consisting of prodelta marine mudstones 

and deltaic sandstones of the Carraun Shale (55 m), Dergvone Shale (130 m), 

Briscloonagh Sandstone (52 m), Gowlaun Shale (55 m) and Lackagh Sandstone 

(36 m) formations. The Viséan-Namurian boundary coincides with the contact 

between the Carraun Shale and Dergvone Shale formations.

east Co. tyrone
The Rossmore Mudstone Formation (200 m) consists of dark grey mudstone, 

thin siltstone and fine-grained sandstone (Fowler and Robbie, 1961) and is late 

Brigantian at the base and Pendleian (early Namurian) at the top. The onset of 

mud deposition brought to an abrupt end the environment of the carbonate 

platform on which the Armagh Group was deposited.

Photograph 2.17

Palaeo-doline at least 15m deep excavated in late Asbian limestones of the 

Rockdale Limestone Formation infilled with reddish brown clay and silt. 

Ballysudden quarry, 3km SSW of Cookstown, Co. Tyrone.

Lackagh Sandstone

Gowlaun Shale

Briscloonagh Sandstone

Dergvone Shale

Gowlaun Shale

Briscloonagh Sandstone

Dergvone Shale

Photograph 2.18

Northeast face of Cuilcagh Mountain below the summit [665m] showing the 

highest formations of the Leitrim Group, Co. Fermanagh.
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lisnaskea and Clogher Valley
Within the outcrop of the Meenymore Formation on Slieve Beagh, in the Lisnaskea 

area, the Carnmore Sandstone Member (Mitchell, 1995) comprises about 75 m 

of pale greyish fawn, very coarse-to medium-grained, pebbly sandstone in the 

middle of the Meenymore Formation. On the northern margins of Slieve Beagh 

in the Clogher Valley, the Alderwood Mudstone Formation (200 m) consists 

of mudstone, laminated (stromatolitic), peritidal and bioclastic limestones and 

calcareous siltstone (Geological Survey of Northern Ireland, 1982) and is early 

Brigantian.

Millstone Grit
In the coalfield area between Dungannon and Coalisland the few exposures of 

the Millstone Grit consist mainly of coarse-grained sandstone but the lithological 

variability includes sandstones, mudstones coal seams and seat earths that 

were defined in boreholes (Fowler and Robbie, 1961). Within the Millstone Grit 

there is a hiatus that covers the Namurian from the mid-Arnsbergian to the mid-

Marsdenian.

Coal Measures
The only exposure of Westphalian Coal Measures in Northern Ireland is at 

Coalisland in east Co. Tyrone (Geological Survey of Northern Ireland, 1960). 

Boreholes show that they consist of 275 m of mudstone, silty mudstone, fine-

grained sandstone, fireclay and coal seams (Fowler and Robbie, 1961). The 

Coalisland Marine Band marks the base of the Westphalian Series.

perMIan
In Northern Ireland, Permian rocks are only exposed south of the Highland Border 

Ridge and in outcrop always represent an attenuated succession that consists 

of two distinct parts. At the base the early Permian Enler Group consists of 

coarse, clastic rocks which represent a regolith that developed in an area of 

relative uplift in an arid, hot, desert environment. However, in the late Permian a 

southwards migrating transgression created the Bakevellia Sea in which the late 

Permian Belfast Group was deposited. This is divided into a calcareous unit 

(‘Magnesian Limestone’) succeeded by a unit of fine-grained clastic rocks with 

evaporites. Beneath the Antrim Plateau in Co. Antrim, the discovery of a thick 

Permian volcanogenic succession in deep boreholes demonstrated the existence 

of contemporaneous discrete, fault-bounded, basins, separated by areas of higher 

ground. The late Permian ‘Magnesian Limestone’ occurs in most outcrops and 

deep boreholes and has been formally renamed the Belfast Harbour Evaporite 

Formation in Northern Ireland. It was deposited during a marine transgression 

which signified the end of the erosion and rapid peneplanation of the Variscan 

Mountains and of earlier episodes of basin subsidence.

Permian rocks are exposed in four areas of Northern Ireland, at Cultra and 

Newtownards in Co. Down, in east Co. Tyrone at Grange near Cookstown and 

near Armagh in Co. Armagh (Geological Survey of Northern Ireland, 1997).

Enler Group
At Cultra the basal Permian breccia is only 1.5 m thick although in the Belfast 

Harbour Borehole this section consists of 7 m of breccia overlain by sandstone 

with mudstone laminae (Griffith and Wilson, 1982). In the Newtownards area 

Permian rocks are exposed at one locality, however the succession is established 

in boreholes (Smith et al., 1991). The rocks were deposited in the Newtownards 

trough and show lithological differences with the adjacent Belfast area. The rocks 

consist entirely of coarse clastic and argillaceous lithologies and, in the absence 

of a correlative of the Magnesian Limestone, are undated. The basal section of 

the poorly exposed Permian succession at Grange, in east Co. Tyrone, consists 

of 0.1–7.8 m of reddish brown pebbly sandstone (Fowler and Robbie, 1961). 

Information on the unfossiliferous Permian rocks in the Armagh outlier is mostly 

from boreholes. A Permian age is unsubstantiated and is based on the historical 

identification of the ‘Magnesian Limestone’. The only exposure is of 3.5 m of the 

Drumarg Conglomerate Formation comprising pebbly conglomerates and 

coarse-grained sandstones.

In northeast Co. Antrim, between Cushendall and Waterfoot, the Red Bay 

Formation (formerly known as the Red Arch Formation) consists of 440 m of polymict 

conglomerate and pebbly sandstone (Simon, 1984c). Although unfossiliferous and 

therefore undated, palaeomagnetic studies have demonstrated a pole position 

consistent with a late Carboniferous-early Permian age and it is therefore possible 

that they are part of the Enler Group and of early Permian age.

In the Larne No. 2 Borehole the Enler Group is at least 1130 m thick (Penn et al., 

1983). The lowest strata, the Inver Volcanic Formation, consist of about 60 m of 

breccio-conglomerate and sandstone overlain by 554 m of heavily altered basaltic 

to trachyandesitic and trachytic lavas and tuffs. They are overlain by 440 m of 

arenaceous sediments of the Ballytober Sandstone Formation (Geological 

Survey of Northern Ireland, 2001).

Belfast Group
Within this group the most distinctive lthological unit, the ‘Magnesian Limestone’, 

is recognised in most areas of outcrop and in many boreholes. In the outcrop 

at Cultra the Magnesian Limestone consists of 9 m of coarse-grained dolomite, 

but in the Belfast Harbour Borehole the Belfast Harbour Evaporite Formation 

comprises 36 m of oolitic and shelly carbonate sands, algal (stromatolitic) 

laminated carbonates and beds of gypsum and anhydrite with halite crystals 

(Smith, 1986). The overlying Connswater Marl Formation (Photograph 2.19) 

consists of 95 m of calcareous siltstone and mudstone. Lithologies representing 

both of these formations are also present at Grange in east Co. Tyrone, although 

the ‘Magnesian Limestone’ is only 23 m thick and the equivalent of the Connswater 

Marl Formation is 10 m.

The top of the Permian section in the Larne No. 2 Borehole occurs at a depth 

of 1616 m. The Belfast Group comprises 21 m of Magnesian Limestone with a 

6 m bed of anhydrite, overlain by almost 300 m of the White Brae Mudstone 

Formation (equivalent to the Connswater Marl Formation), which includes a 

113 m thick bed of halite at its base (Penn et al., 1983).

trIassIC
Triassic rocks in Northern Ireland overstep the Permian basin margins and rest 

unconformably on older basement including the Dalradian and the early Palaeozoic 

rocks of the Southern Uplands-Down-Longford Terrane (Geological Survey of 

Northern Ireland, 1997). Sedimentation appears to have been continuous across 

the Permian system boundary but the rocks are undated. Thus, for convenience, 

the base of the Triassic is equated with the base of the Sherwood Sandstone 

Group. The Triassic rocks are divided into the Sherwood Sandstone Group 

(Photograph 2.20), the Mercia Mudstone Group and the Penarth Group. The latter 

Photograph 2.19

The Permian outcrop at Cultra and the contact between the ‘Magnesian 

Limestone’ (foreground) and the Connswater Marl Formation (‘Permian 

Upper Marls’).  Southeast side of Belfast Lough [J412 809] at Cultra, Co. Down. 

(Hammer 36cm long).

Photograph 2.20

Parallel and cross-stratified sandstones of the Sherwood Sandstone Group, 

Scrabo Hill [J477 727], 2km SSW of  Newtownards, Co. Down. (Hammer 33cm 

long).
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is succeeded conformably by the Waterloo Mudstone Formation which, although 

largely early Jurassic, is latest Triassic at the base.

Sherwood Sandstone Group
The Group consists of red-bed sediments, mainly sandstone and silty sandstone 

with mudstone accounting for up to one-third of the total thickness. Sedimentary 

structures including ripples, cross laminations, mudflakes and desiccation cracks 

suggest a subaerial environment while the common occurrence of well-rounded 

(millet seed) sand grains suggests the influence of aeolian deposition. The Group 

is 648 m thick in the Larne No. 1 and No. 2 boreholes, about 300 m in the Lagan 

Valley and east Co. Tyrone, thins northwards to 30 m on the Dalradian Highland 

Border Ridge and is over 500 m in the Port More Borehole near Ballycastle 

(Wilson and Manning, 1978) and in the Magilligan Borehole. Across Northern 

Ireland a conglomerate usually represents the base of the Sherwood Sandstone 

Group where it rests unconformably on older basement rocks. In Co. Armagh, 

25 m of small pebble conglomerate rests unconformably on Carboniferous and 

early Palaeozoic rocks.

Mercia Mudstone Group
The six formations of the Mercia Mudstone Group were originally defined in the 

Port More Borehole and consist of calcareous mudstone with nodular anhydrite, 

gypsum and pseudomorphs after halite and thin, laminated, micaceous siltstone 

(Wilson and Manning, 1978). Sandstone is common only in the basal Lagavarra 

Formation, the transitional unit from the underlying Sherwood Sandstone Group. 

The maximum thickness of 1030 m attained by the Group is based on the 

combined sections recorded in the Larne No. 1 and No. 2 boreholes (Penn et al., 

1983). There, the Group includes 400 m of halite beds that are only 40 m thick at 

Carrickfergus. Elsewhere, the maximum thickness of the Group in boreholes is 

620 m at Port More, 492 m at Ballymacilroy, 315 m at Langford Lodge and 122 m 

at Killary Glebe (Wilson and Manning, 1978; Warrington et al., 1980). Sedimentary 

structures in the lowest three formations and in the topmost Collin Glen Formation 

include load casts, flame structures, oscillation ripples and desiccation cracks. 

Although the main outcrop of this Group is on the north side of the Lagan Valley 

at Belfast, exposures also occur on the east coast of Co. Antrim as far north as 

Glenariff and, in Co. Londonderry, north and east of Limavady (Geological Survey 

of Northern Ireland, 1997).

Arid and semi-arid conditions prevailed in Northern Ireland in mid-Triassic and 

early late Triassic times during deposition of the Mercia Mudstone Group, although 

the development of thick halite beds requires a marine connection. It is believed 

that the lower, halitic, succession in this Group, restricted to southeast Co. Antrim, 

was deposited in a marine environment subjected to periodic desiccation and was 

succeeded by anhydritic sediments that were deposited on an arid plain, prone 

to desiccation, in a lacustrine environment or on a sabkha (Warrington, 1981).

Contrary to expectations, evidence now restricts the period of maximum 

subsidence and sediment accumulation during the Triassic to the early mid-

Triassic (Ruffell and Shelton, 1999). Seismic interpretations have confirmed that 

it is the Mercia Mudstone Group, rather than the Sherwood Sandstone Group, 

which thickens markedly into faults. In the Mercia Mudstone Group, marine 

incursions resulted in the formation of localised halites and were accompanied 

by sediment thickening in the hanging wall of active faults. Syn-depositional 

faulting in the Sherwood Sandstone Group is now believed to represent residual 

movement superimposed on thermal subsidence, that post-dates earlier Permian 

regional extension.

At the top of the Mercia Mudstone Group in the Port More Borehole, the Collin 

Glen Formation comprises alternating red and green mudstones, about 1 m 

thick at the base, succeeded by up to 10 m of pale greyish green silty mudstone 

with thin beds of micrite. At Waterloo, near Larne, the top 50 m of mudstone 

of the Group, including part of the Knocksoghey Formation and the Port More 

and Collin Glen formations, has been metasomatised and altered to a green 

colour with abundant pea-sized pseudo-pisoliths and pseudo-ooliths. The Mercia 

Mudstone Group is succeeded abruptly by grey and black mudstones of the 

Penarth Group.

Penarth Group
Rare exposures of the Penarth Group are confined to the margins of the Antrim 

Plateau. At Waterloo (Photograph 2.21), the Penarth Group disconformably 

succeeds the Mercia Mudstone Group and is overlain conformably by the 

Waterloo Mudstone Formation. The thickness of the Penarth Group is 25 m 

in the Magilligan Borehole (Bazley et al., 1997) and 20 m in the Larne No. 1 

Borehole (Manning and Wilson, 1975). The Group is divided into two formations, 

the Westbury at the base and the Lilstock, with the latter comprising the Cotham 

and Langport members. The sequence of lithologies in the Group that are defined 

by these divisions reflect the gradual environmental changes that accompanied 

the late Triassic-early Jurassic marine transgression. The Westbury Formation 

consists of 8 m of grey mudstone with silt laminae and a thin bed of sandstone. 

Through the 12 m thick Lilstock Formation the proportion of sand and silt-grade 

sediment reduces and is replaced by dark grey calcareous mudstone with thin 

beds of limestone. Deposition occurred during a period of fluctuating sea level in 

a shallow epeiric sea with salinity changes causing mass mortality of bivalves and 

fish faunas. Open marine conditions became established by the end of Rhaetian 

times and persisted into the Jurassic.

Waterloo Mudstone Formation
The succession of conformable strata at the Triassic-Jurassic boundary is 

exposed at Waterloo (Ivimey-Cook, 1975). Between the top of the Penarth Group 

(Rhaetian) and the lowest, ammonite-bearing bed in the Waterloo Mudstone 

Formation (Jurassic System, Hettangian Stage), are the ‘Pre-planorbis beds’. In 

Northern Ireland (Manning et al., 1970; Warrington and Harland, 1975), the ‘Pre-

planorbis beds’ of the Waterloo Mudstone Formation are 10 m thick and are 

late Triassic (Rhaetian).

jurassIC
By late Triassic- early Jurassic times marine conditions, resulting from a global 

rise in sea level, covered much of Ireland. early Jurassic rocks in Northern Ireland, 

consist mostly of mudstone and thin nodular limestone and only crop out around 

the margins of the Antrim Plateau (Mitchell, 2004). The incompetent mudstone 

below precipitous cliffs of chalk and basalt has caused landslips, so exposures 

of Jurassic rocks are of limited extent and within slumped blocks. The maximum 

thickness of Jurassic rocks recorded is 248 m in the Port More Borehole and 

125 m in the Mire House Borehole.
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Photograph 2.22

Tilted (rotational landslip) blocks of the Ulster White Limestone Formation. West 

side of White Park Bay, 7km east of Giant’s Causeway, Co. Antrim.

Photograph 2.21

The Waterloo foreshore near Larne showing the Collin Glen Formation (Mercia 

Mudstone Group) in foreground overlain by the Penarth Group.
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Waterloo Mudstone Formation
Jurassic rocks in Northern Ireland are all assigned to the Waterloo Mudstone 

Formation (Lias Clay), based on the Waterloo section at Larne (Ivimey-Cook, 

1975). They consist mostly of medium to dark grey calcareous mudstone with 

laminae of silty mudstone and pale grey siltstone and thin beds of nodular 

limestone. In the Tircrevan Burn section, north of Limavady (Geological Survey 

of Northern Ireland 1981), the Formation is 52 m thick and includes the 13 m 

thick Tircrevan Sandstone Member (Bazley et al., 1997). Because mudstones 

of the Waterloo Mudstone Formation readily absorb water, internal cohesion is 

lowered and at some localities, particularly in east Co. Antrim, they appear at 

surface as superficial mudflows.

CretaCeous
In the early part of the Cretaceous period Ireland was represented by a landmass 

of uncertain extent and the absence of Cretaceous strata may indicate a period 

of non-deposition that started toward the end of the early Jurassic and extended 

for 90 Ma to the early Cenomanian. However, in the early late Cretaceous a 

widespread rise in sea level, the Cenomanian transgression, advanced across 

the margins of the former land areas and was followed by warm, clear seas that 

ultimately may have covered much of Ireland.

In Northern Ireland, the outcrop of late Cretaceous rocks is located at the 

margins of the Antrim Plateau, primarily in Counties Antrim and Londonderry 

(Geological Survey of Northern Ireland, 1997). During this period the impact of 

tectonic activity was varied across Northern Ireland. In the east and south the 

sub-Cretaceous unconformity rests on late Triassic or Jurassic rocks whereas in 

the west the unconformity progressively oversteps the Triassic and Carboniferous 

succession to overlie the Ordovician rocks on Slieve Gallion. The late Cretaceous 

depositional basin covered the Dalradian outcrop in northeast Co. Antrim and 

may also have extended over much of the Sperrin Mountains.

The Cretaceous rocks are divided into the Hibernian Greensands Formation 

(Griffith and Wilson, 1982) and the Ulster White Limestone Formation (Fletcher, 

1977). The restriction of the Hibernian Greensands Formation to the south and 

eastern fringes of the Antrim Plateau between Lisburn and Glenarm, with a small 

area east of Limavady, is the result of episodes of regional uplift and erosion 

during and after its deposition. In contrast, the Ulster White Limestone Formation 

occurs throughout the Cretaceous outcrop and is exposed in spectacular 

coastal sections and in several quarries. Four members are recognised in the 

Hibernian Greensands Formation and fourteen members in the Ulster White 

Limestone Formation.

Deposition of late Cretaceous sediments was influenced by contemporaneous 

tectonism and the control of Caledonoid basement structures on the location and 

extent of depositional basins. Although the main depositional basins occur on 

opposite sides of the Dalradian Highland Border Ridge, areas of minor subsidence 

and uplift within them created localised basins and attenuated successions. 

However, by late Campanian times land areas in the west were submerged by 

the transgression and in the process created the Londonderry Shelf.

Hibernian Greensands Formation
The main outcrop of this formation is in southeast Co. Antrim and all the sediments 

were deposited prior to the late Santonian, when chalk deposition commenced. 

The four members recognised in the formation are about 30 m thick, with a 

maximum of 14 m recorded for the lowest three members at the section in Collin 

Glen, on the north side of Belfast. The lowermost three members (Cenomanian-

Turonian) are separated from the upper member (Coniacian-Santonian) by an 

unconformity. Much of the formation consists of unconsolidated or loosely 

cemented green glauconitic, fossiliferous sands with subsidiary grey calcareous 

siltstones and marls containing phosphatic nodules.

Ulster White Limestone Formation
The Ulster White Limestone Formation (Photograph 2.22, 2.23) is a white coccolith-

foraminiferal micrite with flints and is divided into fourteen members. It ranges in 

age from the late Santonian to the early Maastrichtian. The composite thickness 

of the 14 members at their type sections is 133 m with a maximum of 120 m of 

chalk exposed between Ballycastle and Portrush. This section, which is typical 

of the succession in the Rathlin Basin, north of the Highland Border Ridge, is 

similar to that in the Larne-Lough Neagh Basin, demonstrating that the thickness 

and lateral continuity of individual beds is consistent over the entire chalk outcrop. 

In north Co. Down this section is 30 m thick and only 25 m on the Londonderry 

Shelf in the east of Counties Londonderry and Tyrone.

The use of the lithological term limestone in the Ulster White Limestone 

Formation is replaced in all but one of those members by the term chalk. The 

limestone of the Ulster White Limestone Formation is extremely hard compared 

with much of the rock of the English Chalk Group. This is due to secondary calcite 

cementation in pore spaces with the calcite being derived from pressure solution 

during compaction (Wolfe, 1968). The Irish chalk has a much higher density (2.60 

compared to 1.95) and lower porosity (5% compared to up to 50%) than the 

English Chalk Group. Chalk sedimentation was not a continuous process and 

transitory breaks in deposition are recognised by the development of hardgrounds, 

which are burrowed, disconformable, glauconitised erosion surfaces with green-

coated chalk pebbles and phosphatised fossils.

palaeogene  
extrusive Igneous rocks
In the c. 10 Ma time gap between the end of deposition of the Cretaceous chalk 

and the first extrusion of basalt lava of the Palaeocene Antrim Lava Group, 

regional uplift and erosion produced an unconformity that is exposed at the 

margins of the Antrim Plateau. During that period the chalk landscape of river 

valleys and karstic scenery was covered by a thin volcanogenic deposit called the 

‘Clay-with-Flints’ (Photograph 2.24) (Mitchell et al., 1999). In the late Cretaceous 

and Palaeocene the Iceland Plume or ‘hot spot’ impinged on the base of the 

lithosphere and produced huge volumes of magma. Although the plume centre 

was probably located in Greenland, associated magmatism extended over an 

area that included Scotland and Ireland. During the Palaeocene, the continental 

crust was influenced by a syn-magmatic extensional tectonic regime related to an 

early attempt to open the North Atlantic Ocean between Greenland and Europe. 

Extension, dilation and uplift of the crust were linked to doming caused by the rise 

of hot magma fed by the Iceland Plume. Between c. 62 and 55 Ma the Northern 

Ireland sector of the North Atlantic Igneous Province experienced plume-related 

igneous activity which led to the development of lava fields and intrusive or central 

complexes. However, magmatic activity was not constant and in Northern Ireland 

the eruption of the Lower Basalt and Upper Basalt formations of the Antrim Lava 

Group occurred in two cycles which coincided with the province-wide phases 

of magmatism (Dickin, 1988). The largest remnant of that igneous province in 

Britain and Ireland forms the Antrim Plateau. At present, the greatest thickness of 

Antrim Lava Group

Clay-with-Flints

Ulster White
Limestone Formation

Antrim Lava Group

Clay-with-Flints

Ulster White
Limestone Formation

Photograph 2.24

The Clay-with-Flints deposit sandwiched between white chalk of the Late 

Cretaceous Ulster White Limestone Formation and basalt lava of the Early 

Palaeogene Antrim Lava Group. Devlin’s quarry [H872 816], 2.5km SSE of 

Moneymore, Co. Tyrone.

Photograph 2.23

Paramoudra in the Ballymagarry Chalk Member of the Ulster White Limestone 

Formation. Clarehill quarry [J154 603], 500m southeast of Moira, Co. Down.
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basalt lava recorded is 780 m and 769 m in the Langford Lodge and Ballymacilroy 

boreholes respectively.

On the Antrim Plateau, the first evidence of volcanic activity is in the form of 

ash fall deposits and small volcanic cones that resulted from localised, explosive 

activity and were followed by fissure eruptions of olivine tholeiite lavas of the Lower 

Basalt Formation. Fractionation of the parental magma gave rise to intermediate 

lavas near the top of the Lower Basalt Formation. A long period when volcanic 

activity declined ultimately led to the formation of the Interbasaltic Formation, by 

the deep weathering and lateritisation of basalt lava of the Lower Basalt Formation. 

This period of sub-tropical weathering may have lasted for up to 1 Ma. Although 

frequently categorised as a time of volcanic quiescence, contemporaneous 

volcanism during the interbasaltic period produced the columnar basalts of the 

Giants Causeway and the silicic volcanic complex at Tardree. The second cycle 

is characterised by a return to the eruption of the olivine tholeiite lavas of the 

Upper Basalt Formation.

Finally, in the north of Ireland there are numerous examples of dykes, dyke 

swarms, sills, cone sheets and ring dykes, that formed by the movement of 

magma along faults and bedding planes. 

Antrim Lava Group
The Antrim Lava Group consists mainly of basaltic rocks that now cover much of 

Co. Antrim and parts of Co. Londonderry and north Co. Armagh. At the base of 

the Antrim Lava Group vent agglomerates, ash cones and layers of pyroclastic 

tuff developed in north Co. Antrim. Chalky and basaltic tuff, some 60 m thick, 

occur at the base and in lower levels of the Lower Basalt Formation, and extend 

for at least 7 km from the source between Ballintoy and Ballycastle (Wilson and 

Manning, 1978). This early phase of localised explosive volcanism was followed 

by the widespread eruption of basalt lava flows of the Lower Basalt Formation. 

Lava reached the surface from vents and along north-northwest aligned fissures 

and has a maximum thickness of 531 m in the Langford Lodge Borehole. Lava 

flows of the Lower Basalt and Upper Basalt formations are usually not more than 

10 m thick and are exposed in numerous cliff sections both at the coast and 

inland, particularly in quarries.

Petrographical and geochemical studies demonstrate that lava from both the 

lower and upper formations consists of fine-grained, olivine basalt (olivine tholeiites) 

composed of plagioclase feldspar, olivine, augite and opaque minerals (Lyle, 1980, 

1985). Plagioclase, as the dominant phase, is either randomly orientated or more 

rarely will show a flow alignment and fluxion around olivine phenocrysts.

Fine-grained and flow banded tholeiitic andesite lava flows (formerly referred 

to as mugearite) with an outcrop length of up to 8 km occur towards the centre 

and top of the Lower Basalt Formation near Antrim and Templepatrick (Lyle, 

and Thompson, 1983; Thompson, 1997; Geological Survey of Northern Ireland, 

1994a) and at Larne (Geological Survey of Northern Ireland, 1994b) in south and 

southeast Co. Antrim.

The Interbasaltic Formation (Photograph 2.25) normally consists of 10–15 m of 

orange-red lateritic palaeosol, but also in parts may still retain relict igneous and 

mineral textures in the purplish red, deeply weathered basalt and is referred to as 

lithomarge. Alteration has resulted in an iron-rich laterite composed mainly of the 

secondary clay mineral kaolinite and containing at least 30% iron as Fe2O3 and 

5% titanium as TiO2. Bauxite or aluminous laterite is more restricted in distribution 

than the ferruginous laterite and was produced by the weathering of silicic volcanic 

rocks and ash. The dominant clay mineral is gibbsite and the aluminium content 

as Al2O3 is at least 50%. In north Co. Antrim, eruption of quartz-tholeiites of 

the Causeway Tholeiite Member occurred during the period of time when the 

Interbasaltic Formation was forming. As the first flow crossed the land surface it 

filled valleys that had developed in lavas at the top of the Lower Basalt Formation. 

Trapped there, the lava cooled slowly forming the famous columns of the Giants 

Causeway (Photograph 2.26). In north Co. Antrim, extrusion of the Causeway 

Tholeiite Member led to the formation of two separate interbasaltic horizons.

In central Co. Antrim, silicic igneous activity during interbasaltic times 

produced the rhyolite lavas and pyroclastic rocks of the Tardree Rhyolite Complex, 

the volcanic vent at Sandy Braes and 430 m of rhyolite penetrated in a borehole 

at Templepatrick. Outliers of the Upper Basalt Formation in central Co. Antrim 

are underlain by siliceous bauxite of the Interbasaltic Formation that formed 

by weathering of the acidic volcanic rocks produced by the Tardree volcano. 

Small, isolated acidic intrusions, that are probably contemporaneous with the 

Tardree Rhyolite Complex, intrude the Lower Basalt Formation at Shane’s Hill, 

and the Silurian greywacke at Ballygowan between Dromore and Hillsborough in 

Co. Down. The Shane’s Hill intrusion, east of Portadown, has a roughly rectangular 

outline and consists of xenolithic and xenocrystic rhyodacite and latite, most 

probably of volcanic origin (Geological Survey of Northern Ireland, 1997).

The maximum thickness recorded for the Upper Basalt Formation is 346 m 

in the Ballymacilroy borehole (Thompson, 1979), although the largest part of its 

outcrop occurs north of the Tow Valley Fault and on the eastern side of the Antrim 

Plateau. Its present distribution indicates that the new lava flows also originated 

from north-northwest orientated fissures and vents and overstepped the Lower 

Basalt Formation onto Dalradian, Carboniferous and Mesozoic rocks beyond 

the western edge of the Antrim Plateau. The Upper Basalt Formation is divided 

into a lower aphyric group and an upper olivine-phyric, flow-banded group that 

are separated by a layer of grey bauxite which is 9 m thick at Agnew’s Hill (Lyle 

and Patton, 1989). In the formation outcrop south of the Carnlough Fault there is 

an association between the upper, flow-banded, lavas and flow-banded dolerite 

plugs at Craigcluggan and Skeagh and in the outcrop between Garron Point and 

Broughshane, to the dolerite plug at Trosk.

Geochemical trends for major and minor elements in the Lower Basalt 

and Upper Basalt formations show that there is a progression towards mantle 

depletion in the latter formation, particularly in east and south Co. Antrim where 

there is a thick Lower Basalt Formation (Lyle, 1988). However, on the Antrim 

Plateau northwest of the Tow Valley Fault, the Lower Basalt Formation is either very 

thin or possibly absent in some places, such as at Binevenagh and geochemical 

trends in the Upper Basalt Formation in that area more closely resemble those 

for the Lower Basalt Formation in south and east Co. Antrim. This reflects the 

melting of a less depleted mantle source northwest of the Tow Valley Fault with 

lava of the Upper Basalt Formation often being the first products derived from 

that new mantle source.

Within the Antrim Lava Group examples of sedimentary deposits intervening 

between the basalt lava flows are rare. In the area east of Cookstown, the Coagh 

Conglomerate Member represents a fluvial deposit located about 5 m above the 

base of the Lower Basalt Formation (Cameron and Old, 1997). It comprises 6 m of 

clast-supported conglomerate of pebbles and cobbles of basalt with rare clasts 

of flow-banded porphyritic rhyolite.

Photograph 2.26

Part of the Grand Causeway showing the irregular polygonal form of the 

columns. Giant’s Causeway, Co. Antrim.

Photograph 2.25

The Giant’s Harp and the Chimney Tops at the Gian’ts Causeway [C951 448]. Two 

flows of tholeiitic basalt lavea (Causeway Tholeiite Member) overlie the reddish 

brown Interbasaltic Formation. The lower part of the cliff is formed of five flows 

of the the Lower Basalt Formation, Co. Antrim.
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Intrusive Igneous rocks
The focus of intrusive Palaeogene igneous activity was located in Counties Down 

and Armagh in Northern Ireland (Geological Survey of Northern Ireland, 1997). Two 

central complexes, the Mourne Mountains and Slieve Gullion intrude the deformed 

Silurian turbidite succession of the Southern Uplands-Down-Longford Terrane. 

The rocks formed at this time were predominantly silicic in composition and consist 

of granite, felsite and granophyre. However, basic magma such as basalt, dolerite 

and gabbro also formed at this time in the Slieve Gullion Complex.

Mourne Mountains Complex
The Mourne Mountains (Photograph 2.27) granite complex was intruded into 

Silurian country rock at a high level in the crust around 56 Ma and did not reach 

the surface (Gibson et al., 1988). The complex consists of five principal granite 

intrusions (G1–G5), which are divided between a western and an eastern centre. 

Each of the four youngest granites (G2-G5) was emplaced as a series of smaller 

magmatic pulses that are distinguished by distinct textural variations (Meighan 

et al., 1984). Geophysical evidence indicates that denser, more basic rocks 

underlie the granite complex (Cook and Murphy, 1952) and rare xenoliths of 

gabbro and anorthosite that are found in some later dykes may have originated 

from that basic body (Tomkieff and Marshall, 1935). Geochemically, the five 

granites form a single subalkaline acid fractional crystallization series, in which G1, 

the most basic, originated by differentiation of a crustally contaminated basaltic 

melt in the upper continental crust (Gibson et al., 1988; Meighan et al., 1992).

The Eastern Mournes Centre consists of three intrusive members (Hood, 

1981). The earliest component G1, a hornblende-biotite syenogranite was followed 

by G2, a biotite granite with abundant dark quartz and finally by G3, a fine-grained 

aplitic biotite syenogranite. In the Western Mournes Centre (Gibson, 1984), G4 

is a biotite granite and G5, a biotite ± amphibole microgranite or granophyre. 

In each centre there were sufficiently long intervals between the intrusion of 

successive magma pulses to allow the magma to solidify and a fine-grained 

margin to form on the later intrusion. A notable feature of the Mourne granites 

occurs at the Diamond Rocks where the granite, a fine-grained facies of a pulse 

of G2 magma, has developed a ‘drusy’ texture that formed by gas streaming in 

the volatile-rich magma. The drusy cavities contain a concentration of euhedral 

crystals of smoky quartz, feldspar, mica, beryl and topaz.

Fragments of the Silurian country rocks that formed the ‘roof’ of the granite 

complex are exposed on several peaks in the eastern and western Mournes. 

During intrusion of the granites the country rocks were indurated and thermally 

metamorphosed into diopside- and biotite-bearing hornfels for several hundred 

metres from the contact.

Slieve Gullion Complex
This complex represents the ‘root’ zone of a now deeply eroded volcanic caldera 

(Richey, 1932) that intruded the southwest end of the Caledonian Newry Igneous 

Complex at about 58–56 Ma (Meighan et al., 1988; Gamble et al., 1999). The 

highest point, Slieve Gullion (573 m), lies at the centre of an 11 km diameter, 

circular igneous complex intruded into a circular ring fault. The Complex consists 

of three distinct units with the earliest intrusion of silicic magma forming an almost 

complete ring that was associated with high level explosive activity. In the centre 

of the complex, and forming Slieve Gullion, a later, sheeted complex consists of 

flat-lying silicic and basic layers. The final intrusive phase is a granite stock that 

is confined to the southeast part of the complex.

The earliest events in the history of the Slieve Gullion Complex are two 

generations of gabbro/dolerite intrusions that were followed by lavas and tuffs 

of olivine basalt and trachytic composition, representing the earliest eruptive 

products of the Slieve Gullion ‘volcano’. The Ring Dyke marks the outer edge of 

the intrusive complex and forms a circle of hills composed of porphyritic felsite 

and porphyritic granophyre (Emeleus and Preston, 1969). Evidence of subsequent 

explosive activity occurs in the form of vents, particularly near Forkill, which 

contain agglomerate consisting mainly of fragments of brecciated granodiorite 

from the Newry Igneous Complex and Lower Palaeozoic country rock together 

with large foundered rafts of the older basalt and trachyte lavas. In the main part 

of the ring dyke the porphyritic felsite, which is restricted to the southwest 

part of the ring, pre-dates the porphyritic granophyre and cross-cuts the vent 

agglomerates. The porphyritic granophyre forms a more pronounced ring structure 

and post-dates and intrudes the felsite west of Mullaghbane. Linear zones of crush 

brecciation, the Camlough Breccias, affect the Newry Granodiorite, porphyritic 

granophyre of the ring dyke and post-granophyre aplites in the northwest quadrant 

of the Slieve Gullion Complex.

At the centre of Slieve Gullion, the Layered Complex post-dates the ring dyke 

and consists of at least 13 alternating units of silicic and basic rock (Emeleus and 

Preston, 1969). This association is believed to represent a protolith of granodiorite 

of the Newry Igneous Complex that was altered, first by intrusion of granophyre 

sheets and then by a more basic magma (Bailey and McCallien, 1956). In the 

north of the complex, the Lislea Granophyre is regarded as a peripheral ring 

dyke intrusion that is continuous with the upper (laccolithic) granophyre layers of 

the central complex. The final major magmatic event at Slieve Gullion occurred 

in the southeastern part of the complex as an intrusion of granite stock. This is 

composed of granophyric microgranite and cuts both the porphyritic granophyre 

of the ring dyke and layers of the sheeted complex.

Dykes
Dyke intrusion (Photograph 2.28) in Northern Ireland took place throughout the 

Palaeocene, overlapping spatially and temporally with the Antrim Lava Group 

which was extruded between 61 and 58 Ma (Preston 2001), and the younger 

central igneous complexes of Slieve Gullion and the Mourne Mountains which 

were formed between 57 and 55 Ma (Gamble et al. 1999). Dykes are of basic 

composition (mainly basalt, dolerite or gabbro) and range in thickness from 

less than a metre up to ~100 m in the case of the Irvinestown Dyke. In County 

Fermanagh. Interpretation of the Tellus magnetic datasets has now revealed 

four distinct dyke swarms (Cooper et al., 2012). The oldest of these, termed the 

Erne dyke swarm, is concentrated in the west, while the eponymous Donegal-

Kingscourt dyke swarm extends for ~120 km across the whole of Northern Ireland. 

The two younger dyke swarms, mainly occupying the eastern side of Northern 

Ireland, together used to be referred to as the St. John’s Point-Lisburn dyke swarm 

(Cooper and Johnston, 2004), however, on the basis of stratigraphic constraints 

and magnetisation, some of these dykes are now attributed to an older swarm 

called the Ardglass - Ballycastle dyke swarm. The relationship between the dykes 

and Cenozoic faults demonstrate the interaction of plume related magmatism 

and far field alpine compression.

Photograph 2.28

A dyke is cut by a dextral fault in a road cutting, Newry, Co. Down.

Photograph 2.27

The Mourne Mountains granite complex consists of five principal granite 

intrusions around 56Ma.



20

Plugs
The Antrim Lava Group is cut by at least thirty dolerite plugs, with either a circular 

outline or are elongate in a NNW-SSE direction, that in places form prominent 

landmarks rising above the surface of the Antrim Plateau. They consist mainly 

of olivine dolerite but may show compositional zoning as at Slemish, a 1 km 

long elliptical multiple plug that intrudes the Upper Basalt Formation and is the 

largest volcanic vent in Ireland (Geological Survey of Northern Ireland, 2001). 

Tievebulliagh near Cushendall, is an inclined, oval-shaped olivine dolerite plug 

with a marginal facies of olivine-rich picritic dolerite. A slumped block of lateritised 

basalt of the Interbasaltic Formation within the plug has been metamorphosed 

to porcellanite.

Sills
During the main phase of volcanic activity in the early Palaeogene, dolerite sills 

formed as rising magma that failed to reach the surface was injected sideways 

into the sedimentary strata. Examples intrude the Triassic strata at Scrabo Hill, 

Co. Down, Carboniferous rocks at Fair Head, Co. Antrim and near Garrison in 

Co. Fermanagh. The Scrabo Sill near Newtownards is the main component of 

a complex of linked olivine dolerite and gabbro sills intruding sandstone of the 

Triassic Sherwood Sandstone Group (Smith et al., 1991). Vent agglomerates, 

containing blocks of Triassic sandstone in a tuffaceous matrix, are closely 

associated with the sills and feeder dykes. The 80 m thick Fair Head Sill forms the 

prominent headland east of Ballycastle in the Carboniferous coalfield of northeast 

Co. Antrim and cuts Carboniferous, Triassic and Cretaceous rocks (Wilson and 

Robbie, 1966). The Binnagapple Sill (Photograph 2.29) which intrudes the coal-

bearing Murlough Shale Formation, occurs some 13 m below the Fair Head Sill 

and consists of 15 m of columnar-jointed olivine dolerite. The Portrush Sill, which 

forms Ramore Head and extends at least 2 km offshore to form the islands of the 

Skerries, also underlies much of Portrush (Wilson and Manning, 1978). It is at least 

45 m thick and intrudes the Jurassic Waterloo Mudstone Formation which it has 

hornfelsed. Much of the intrusion consists of massive, coarse dolerite with dark 

gabbroic ‘clots’ of olivine ± augite or feldspar-rich segregations. In Co. Fermanagh, 

the olivine-dolerite Garrison Sill intrudes early Carboniferous strata in the core of a 

Variscan periclinal fold and outcrops over an area of about 15 km2 east-northeast 

of Garrison (Legg et al., 1998). The sill is some 5–30 m thick and at its margins, 

contact metamorphism of limestone in the Meenymore Formation has produced 

a mineral assemblage including grossularite garnet, diopside, wollastonite and 

plagioclase (Jones and Galway, 1966).

olIgoCene sedIMentary basIns
In the later Palaeocene and Eocene, northeast Ireland and the newly created lava 

plateau were affected by a post-magmatic, wrench-dominated stress system 

which produced conjugate north-northwest trending (dextral) and northeast-

southwest (sinistral) shears and north-northeast trending normal faults (Geoffroy 

et al., 1996). The effects of Palaeogene sinistral strike-slip on reactivated 

Caledonian fractures such as the Tow Valley, Carnlough and Sixmilewater faults, 

resulted in the present compartmentalisation of the basalt lavas. The impact of 

vertical movement was most severe at the margins of the lava outcrop, such as 

in north Co. Armagh, where the lavas were eroded and late Oligocene (Chattian) 

sediments of the Lough Neagh Group overstepped southwards onto Mesozoic, 

Carboniferous and early Palaeozoic ‘basement’.

However, by the end of the Eocene waning tectonic activity and denudation 

led to the virtual peneplanation of the plateau surface, although the pattern 

of fault-bounded blocks of lavas of either the Lower Basalt or Upper Basalt 

formations was by then well established. During the late Oligocene, non-marine 

sedimentary basins subsided in response to syndepositional faulting. As a result, 

the majority of the new basins developed above major fault lines on a basalt land 

surface. In the Ballymoney area, the Lough Neagh Group rests unconformably on 

the Upper Basalt Formation in the hanging wall of the Tow Valley Fault. Although 

a precursor of this fault probably influenced the location of depocentres in the 

basin, the absence of thick conglomerates suggests that growth faulting was 

the dominant control and that sedimentation extended southeast of the fault line. 

Basin subsidence is believed to have occurred in a sinistral transtensional regime 

with NNE-SSW extension (Kerr, 1987). Dilation of the north-northwest trending 

fractures at their intersection with a principal displacement zone, the Tow Valley 

Fault, promoted continued basin subsidence. The Lough Neagh Group in the 

Ballymoney area is over 500 m thick and in the Lough Neagh area is 353 m thick 

in the Washing Bay borehole (Fowler and Robbie, 1961) and 381 m in a borehole 

at Derryinver which did not penetrate the base of the Group.

Lough Neagh Group
Exposures of the Lough Neagh Group (Photograph 2.30) are not known in the main 

areas of outcrop around Lough Neagh or at Ballymoney, where it is concealed by 

glacial deposits up to 36 m and 70 m thick respectively. Nevertheless, detailed 

information on its stratigraphy and subsurface outcrop is available from the results 

of an extensive drilling programme (Geological Survey of Northern Ireland, 1984). 

The Lough Neagh Group comprises the Dunaghy and Ballymoney formations.

The subsurface outcrop of the Dunaghy Formation is confined to the 

Ballymoney and Agivey ‘basins’. At Ballymoney, the rocks occupy three separate 

areas in the hanging wall of the Tow Valley Fault and range in thickness from 22 m 

to a maximum of 276 m. In the Agivey ‘basin’, the formation comprises 66 m of 

multicoloured clay and gritty clay, thin lignite beds and thin conglomerates. The 

base of the Dunaghy Formation at Ballymoney comprises 6 m of yellow, pink, grey 

and brown conglomerate and breccio-conglomerate with clasts of decomposed 

basalt. Higher strata consist mainly of reddish brown lateritic clay and thin sections 

of bluish grey mudstone with beds and nodules of authigenic siderite, sandy clay, 

coarse-grained sand and rare beds of brown lignitic clay and black lignite from 

0.5–5 m thick. In the Ballymoney area the Ballymoney Formation has a composite 

thickness of about 240 m. Within the succession are six lignite seam groups with 

a total thickness of 177 m and a maximum seam thickness of 105 m. Near Coagh, 

in east Co. Tyrone, the Ballymoney Formation has a maximum thickness of 282 m 

although the base of the formation was not penetrated. The lignite consists of 

massive brownish black, woody and non-woody material grading into lignitic 

clay. The remainder of the succession consists of grey, very stiff kaolinitic clay 

with beds of hard, grey to yellowish grey sideritic ironstone up to 0.3 m thick, thin 

sandy clay and clayey sand. In the Coagh area, the lignite, uniquely, is always 

succeeded by a distinctive green clay up to 55 m thick.

Photograph 2.30

Aerial view of an excavation into the lignite of the Lough Neagh Group near 

Crumlin, Co. Antrim.

Photograph 2.29

Columnar jointed dolerite of the Binnagapple Sill intruding sandstone and 

coal seams of the Carboniferous Ballycaste Group, 4km ENE of Ballycastle, 

Co. Antrim.
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Bedrock geology
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Superficial geology

Alluvium - sand and silt
Glaciolacustrine deposits - silt and clay

Diatomite
Glaciofluvial sheet deposits - sand, silt and clay

Lacustrine alluvium - clay, silt and sand
Peat
Raised beach deposits - gravel, sand and silt
Raised marine deposits - clay, silt and sand
Landslide deposits

Glacial sand and gravel Till - diamicton

Blown sand - sand
! ! !

! ! !

! !

A transparent 

overlay showing 

topographic 

features of the 

area may be 

found inside the 

back cover of 

this volume.
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Surface catchments

A transparent 

overlay showing 

topographic 

features of the 

area may be 

found inside the 

back cover of 

this volume.

This map contains data from the Northern Ireland Environment Agency (NIEA).

© Crown Copyright.

very small, organic
Mid-altitude 200-800m Lowland < 200m

small, siliceous

small, calcareous
medium, siliceous

very small, calcareous
small, siliceous
small, organic
small, calcareous
medium siliceous

medium, organic medium, calcareous
medium, calcareous large, calcareous

small organic
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A transparent 

overlay showing 

topographic 

features of the 

area may be 

found inside the 

back cover of 

this volume.

Soil classification

The AFBI Soil Classification Map of Northern Ireland (Jordan and Higgins, 2009).

© AFBI Copyright.
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Broad-leaf / mixed woodland
Coniferous woodland
Arable cereals
Arable horticulture
Arable non-rotational

Bracken
Dense dwarf shrub heath
Open dwarf shrub heath
Fen, mash, swamp
Bog (deep peat)

Supra-littoral rock
Supra-littoral sediment 
Littoral rock
Littoral sediment
Saltmarsh

Improved grassland
Setaside grass
Neutral grass
Calcareous grass

Acid grass

Water (inland)
Montane habitats
Inland bare ground

Suburban / rural development
Continuous urban

Sea/estuary

A transparent 

overlay showing 

topographic 

features of the 

area may be 

found inside the 

back cover of 

this volume.

Landcover 2000

The UK Land Cover Map 2000 (Fuller et al., 2002).

© NERC (CEH).
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A transparent 

overlay showing 

topographic 

features of the 

area may be 

found inside the 

back cover of 

this volume.

Elevation

This map is derived from Land and Property Services elevation data.

© Crown Copyright.
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Key localities

Kesh

Tempo

Omagh

Newry

Moira

Larne

Keady

Feeny

Armoy

Rylagh

Mackan

Cashty

Lurgan

Gortin

Conlig

Claudy

Beragh

Belcoo

Bangor

Augher

Mullyfa

Forkill

Rosslea

Pomeroy

Lisburn

Garvagh

Dundrum

Dromore

Creggan

Benburb

Belleek

Belfast

Swatragh

Strabane

Killeter

Hilltown

Glenhull

Cloghfin

Aghyaran

Portrush

Milltown

Limavady

Holywood

Garrison

Dungiven

Ardglass

Stonyford

Lisnaskea

Glengawna

Cavanacaw

Rostrevor

Rasharkin

Newcastle

Kilraghts

Dundonald

Cushendun

Craigavon

Cookstown

Coleraine

Carnlough

Bushmills

Banbridge

Ballymena

Whitespots

Spelga Dam

Moneyneary

Donaghadee

Derrynoose

Collin Top

Castlederg

Cam Forest

Aldergrove

Portaferry

Plumbridge

Mayobridge

Markethill

Cushendall

Castlerock

Ballymoney

Aughnacloy

Springfield

Mullaghbane

Mountnorris

Lough Neagh

Lough Foyle

Glencordial

Dundrum Bay

Cashel Rock

Rathfriland

Poyntzpass 

Magherafelt

Katesbridge

Helen's Bay

Enniskillen

Dunnamanagh

Draperstown

Downpatrick

Cullybackey

Crossmaglen

Clogh Mills

Carrickmore

Broughshane
Ballygalley

Ballycastle

Slieve Croob

Lough Bradan

Islandmagee 

Curraghinalt

Craignamaddy

Sixmilecross

Hillsborough

Castlewellan

Ballynahinch

Slieve Donard

Davagh Forest

Derrygonnelly

Carrickfergus

Slieve Gullion

Slieve Gallion

Slieve Binnian

Muldonagh Hill

Loughbrickland

Dungonnell Dam

Crocknamoghill

Cargalisgorran

Newtownstewart

Maguiresbridge

Ballinamallard

Glenlark Forest

Newtownhamilton

Upper Lough Erne

Mourne Mountains

Lower Lough Erne

Glenshane Forest

Sperrin Mountains

Carlingford Lough

Cuilcagh Mountain

Barons Court Forest

Ballypatrick Forest

Tandragee

Mullaghcarn
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A transparent overlay of these localities can be found in the back cover of this volume.
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Locality Easting Northing

Aghyaran 218900 381100

Aldergrove 313500 378800

Ardglass 355900 337400

Armoy 306700 432800

Augher 256400 353600

Aughnacloy 266500 352300

Ballinamallard 226400 352800

Ballycastle 311500 440700

Ballygalley 337400 407700

Ballymena 310700 403400

Ballymoney 294900 425800

Ballynahinch 336600 352300

Ballypatrick Forest 318200 436000

Banbridge 312700 346200

Bangor 350500 381600

Barons Court Forest 235600 382700

Belcoo 280400 386600

Belfast 333800 374000

Belleek 294300 359300

Benburb 281500 352300

Beragh 254400 367200

Broughshane 315200 406600

Bushmills 294100 440600

Cam Forest 273700 423600

Cargalisgorran 280200 333700

Carlingford Lough 319000 314000

Carnlough 328600 417900

Carrickfergus 341300 387400

Carrickmore 261500 372500

Cashel Rock 260000 380800

Cashty 236700 381400

Castlederg 226300 384600

Castlerock 277200 436100

Castlewellan 334000 336100

Cavanacaw 240500 370700

Claudy 254200 407500

Clogh Mills 306800 418200

Cloghfin 261000 366700

Coleraine 284700 432400

Collin Top 321800 416800

Conlig 350000 377900

Cookstown 281000 378000

Craigavon 304200 356200

Craignamaddy 301100 439200

Creggan 293200 316100

Crocknamoghill 257900 385100

Crossmaglen 291100 315100

Cuilcagh Mountain 211600 328300

Cullybackey 305500 405800

Curraghinalt 257800 386400

Cushendall 324100 427600

Cushendun 324900 432600

Davagh Forest 271300 385200

Derrygonnelly 212000 352100

Derrynoose 280200 331900

Donaghadee 359000 379900

Downpatrick 348700 344600

Draperstown 278300 394600

Dromore 320200 353400

Dundonald 341900 374000

Dundrum 340500 336300

Dundrum Bay 342500 333400

Dungiven 268900 409500

Dungonnell Dam 319200 417100

Dunnamanagh 244300 403100

Enniskillen 224000 344000

Feeny 262800 405400

Forkill 301400 315700

Garrison 194200 351900

Garvagh 284100 415900

Glencordial 248900 377300

Glengawna 246800 379400

Glenhull 260700 386000

Glenlark Forest 263000 390400

Glenshane Forest 276900 402400

Gortin 249200 385800

Helen’s Bay 345600 382800

Hillsborough 324200 358600

Hilltown 321200 328900

Holywood 339800 379200

Islandmagee 345800 400100

Katesbridge 320900 340800

Keady 284400 334100

Kesh 218000 363900

Killeter 220400 380000

Kilraghts 301900 426100

Larne 340400 403200

Limavady 267500 422600

Lisburn 326700 364400

Lisnaskea 236300 333900

Lough Bradan 225800 371300

Lough Foyle 253900 425900

Lough Neagh 301900 374900

Loughbrickland 310500 342000

Lower Lough Erne 208900 359800

Lurgan 308000 358500

Mackan 223700 334400

Magherafelt 289500 390500

Maguiresbridge 234700 338600

Markethill 296200 339700

Mayobridge 315600 327200

Milltown 297600 346400

Moira 315000 360500

Moneyneary 275300 397000

Mountnorris 299400 334800

Mourne Mountains 327000 323800

Muldonagh Hill 259500 410700

Mullaghbane 299500 318800

Mullaghcarn Mountain 251000 381000

Mullyfa 212200 380500

Newcastle 337700 331500

Newry 308500 326500

Newtownhamilton 292900 327800

Newtownstewart 240100 385600

Omagh 245800 372700

Plumbridge 248300 391300

Pomeroy 269500 372300

Portaferry 359500 350800

Portrush 285800 440700

Poyntzpass 306000 339500

Rasharkin 297300 413200

Rathfriland 319900 333600

Rosslea 253800 332600

Rostrevor 317800 318300

Rylagh 246600 378400

Sixmilecross 257000 367900

Slieve Binnian 332000 323400

Slieve Croob 331800 345400

Slieve Donard 335700 328000

Slieve Gallion 281400 389500

Slieve Gullion 302500 320300

Spelga Dam 326600 326800

Sperrin Mountains 265600 398800

Springfield 217000 346300

Stonyford 321500 370300

Strabane 234500 397700

Swatragh 285500 407500

Tandragee 303200 346400

Tempo 235100 347800

Upper Lough Erne 228600 332400

Whitespots 349300 376100
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Geochemistry: Methodology
Dermot Smyth and Chris Johnston

saMple ColleCtIon and preparatIon
Samples of soils and streams were collected over the whole of Northern Ireland 

in two campaigns. Stream sediment and water samples from western Northern 

Ireland were collected by British Geological Survey (BGS) between 1994 and 1996. 

Stream sampling over eastern counties was undertaken by the GSNI and the 

BGS under the Tellus survey in 2005 and 2006. Soil sampling of all of Northern 

Ireland was completed under the Tellus survey between 2004 and 2006.

The methods used for sample collection followed the protocols set out by 

the Geochemical Baselines Survey of the Environment (G-BASE), a long running 

programme of the British Geological Survey (Johnson, 2005). The methods were 

those subsequently recommended as international standards for geochemical 

mapping (Darnley et al., 1995). The geochemical data therefore conform to the 

standards set by International Geological Correlation Programme (IGCP) 259 for 

the preparation of internationally compatible regional geochemical maps. The 

methods for collecting stream sediment samples were originally recommended 

by Plant (1971) and Plant and Moore (1979), who also described the procedures 

on which the organisation of the sampling programme and sample preparation 

were based. 

stream sediments
2908 stream sediment samples were collected during the summers of 1994 

to 1996 by the BGS and a further 2966 in 2005/6 by the Tellus survey (see 

supplementary map - drainage locations). Where possible, sites were situated 

on first or second-order streams. The combined surveys produced an average 

sampling density of one site per 2.4 km2.

As far as possible, samples were collected from active sediment, upstream 

of any potential source of contamination, such as habitation, industrial activity 

or any road or track crossing. Samples were collected by pairs of samplers, 

usually university students. The sampling and data recording procedures were 

standardised before the main survey. Sampling teams were changed daily to 

reduce the possibility of sampling bias.

The sediment sample was collected after removal of the oxidised surface 

material and was wet-screened on site using a method devised by B A Toms 

(Department of Chemistry, University of Birmingham). This method uses a minimum 

of water to collect the fraction of sediment finer than 150 µm. Approximately 100 g 

of material was collected in a Kraft™ paper bag. A heavy-mineral concentrate 

was obtained at each site by screening the stream sediment through a 2 mm 

sieve and panning 2–3 kg of this sieved material using the method described by 

Leake and Aucott (1973). 

In the 1994/6 survey, stream sediment samples were freeze-dried and then 

ground to <50 µm at a field laboratory. During the Tellus field campaign, 2005/6, 

samples were air-dried prior to dispatch in batches of 100 to an interim storage 

facility. Further air-drying was completed at the store to a level that would allow 

samples to be packaged for onward transport to the BGS analytical laboratory. 

On arrival at the laboratory samples were checked against shipping lists prior to 

assigning laboratory batch numbers in the BGS UKAS Quality Assurance System. 

If necessary, the dried Tellus sediment samples were disaggregated by hand in 

a mortar and pestle. Tellus sediment samples were freeze-dried under reduced 

pressure within a pre-set temperature range of -30°C to 30°C for a minimum of 

24 hours. Transposition of sample numbers and cross contamination of samples 

were prevented by preparing each sample individually.

stream waters
Water samples were collected slightly upstream of the stream sediment site to 

avoid contamination by disturbed sediment or pore water, and great care was 

taken during the sampling procedure to avoid any other contamination. The 

methods used for collecting the samples were tested in a pilot study in North 

Wales in 1988 and correspond to those now recommended as international 

standards for geochemical mapping (Darnley et al., 1995). The geochemical data 

therefore conform to the standards set by International Geological Correlation 

Programme (IGCP) 259 and 360 for the preparation of internationally compatible 

regional geochemical maps. Sample preservation procedures employed during 

these studies correspond to recommendations made by the British Standards 

Institute and International Standards Organisation (BSI, 1986, Guidance 

on the preservation and handling of samples, BS 6068, Section 6.3; ISO 

5667/3-1985).

Stream-water samples were collected from 2,846 sites during the 1994/6 

survey and a further 3,063 sites by the Tellus survey in 2005/6 (see supplementary 

map - drainage locations). The combined surveys have a sample density of 1 site 

per 2.3 km2 (total sampling area 13,741 km2). Identical sampling methodologies 

were employed for both surveys but analytical methods differed. For the 1994/6 

survey, two samples were collected in new 30 ml polystyrene bottles, one for 

multi-element analysis by ICP-AES and ICP-MS, and the other for determination 

of chloride and nitrate by Ion Chromatography. A third sample was taken in a 

polyethylene bottle for Total Organic Carbon (TOC). These samples were filtered 

through 0.45 µm cellulose filters; the containers were rinsed with filtered water 

from the site before collection of the actual sample. A fourth, unfiltered sample 

was collected in polythene bottles for the determination of pH and conductivity 

(30 ml), fluoride (30 ml), uranium (30 ml) and alkalinity (250 ml). All containers were 

rinsed with stream water prior to sample collection and particular care was taken 

with the pH and alkalinity samples to eliminate air bubbles and hence minimise 

degassing. For the later Tellus sampling, Nalgene™ bottles were preferred, but 

the procedures were similar.

On return to the field base each evening, pH was determined using a 

temperature-compensated glass combination electrode connected to a 

high-performance pH meter (Radiometer Model PHM 80), and conductivity 

was determined using a standard 1 cm path-length cell in conjunction with 

a conductivity bridge. Samples for ICP-AES and ICP-MS determination were 

acidified to 1 % v/v using ultrapure Aristar™-grade concentrated nitric acid. 

Alkalinity was determined by titration the day after sample collection, using 

a Hach digital titrator with sulphuric acid (0.8 M or 0.08 M) and bromocresol 

green indicator. The results are presented as mg/l HCO3. All other samples were 

stored in cool, dark locations until dispatched to the laboratory, where they were 

stored at 4° C.

soils
Soil samples were collected on a systematic basis from rural areas in most 

of the region, excluding only the major urban centres of Belfast and Bangor. 

Soils were also collected at a higher sampling density from the urban areas of 

Belfast, Bangor, Carrickfergus, Carryduff, Castlereagh, Greenisland, Holywood, 

Lisburn, Newtownabbey and Londonderry, although these urban results are 

not reported here.

In rural areas, samples were collected from alternate 1 km Irish national-

grid squares. Site selection within each square was random, subject to the 

avoidance wherever possible of roads, tracks, railways, human habitation and 

other disturbed ground. At each site two composite samples of five auger flights 

were collected, each composite sample comprising approximately 750 g of 

unsieved material. Samples were collected using a hand auger with a 20 by 

5 cm flight from a standard depth interval of 5–20 cm for designated ‘A’ samples, 

referred to subsequently as ‘surface soils’, and at 35–50 cm for designated ‘S’ 

samples (nominally the B horizon), referred to subsequently as ‘deep soils’. Some 

6,862 regional soil sites were sampled (see supplementary map - soil locations) 

and analysed, resulting in an average regional sampling density of 1 site per 2 

km2. Observations of soil colour, depth, clast lithology and abundance were 

recorded at site. The samples were classified into five textural groups (sand, 

sand-silt, silt, silt-clay and clay).
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The methods used for urban soils were similar except that (1) the sample 

density was higher, at four sites per square kilometre; (2) the sample sites 

corresponded closely to a predefined grid and did not avoid areas of human 

influence. In addition, extra samples requiring special treatment were taken for 

the determination of selected organic constituents (Smyth, 2009: especially 

Appendix 1).

At each soil sample site, information on the location, site and catchment 

geology, contamination, land use, and other features required for data interpretation 

were entered onto field cards. The sample location was also plotted on a field 

copy of the 1:50 000 Ordnance Survey of Northern Ireland (OSNI) map. 

Observations from field cards were entered into a digital Access2000™ 

database after undergoing a field quality control process (Lister et al, 2005). This 

involved checking that the correct codes had been recorded on field cards and 

that GPS coordinates recorded on the card matched those in the GPS unit for 

each site. Thus both a traditional paper archive of observations was maintained 

as well as the construction of a computerised database.

Soils were initially air-dried at the field-base prior to transport to the sample 

store where they were dried in a temperature controlled oven at 30°C for 2–3 

days. At the end of each field campaign samples were checked against field 

sheets prior to packing for transport to the BGS laboratory for sample preparation. 

On arrival at the laboratory samples were checked against shipping lists prior 

to assigning laboratory batch numbers in the BGS UKAS Quality Assurance 

System. The A and S soils were prepared in the same manner in a trace-level 

sample preparation laboratory.

Samples were disaggregated prior to sieving to a <2 mm fraction using nylon 

mesh. Replicate samples were prepared by riffle splitting each of the duplicate 

samples. Soil pH and LOI was determined for every A surface soil sample. A 

representative 30 g (± 2 g) sub-sample was obtained by cone and quartering. This 

sub-sample was then milled in an agate ball mill at 300 rpm for 30 minutes. 

Different analytical procedures were employed for the surface and deep 

soils. Pressed pellet production and XRF analysis were completed by laboratory 

on surface soils only. Sub-samples of milled soil were weighed and placed into 

tamper-evident plastic sample tubes. The XRF pressed pellet was prepared 

by adding an aliquot (3 g ±0.05 g) of two blended synthetic waxes comprising 

90 % EMU 120 FD wax and 10 % Ceridust (both waxes are styrene based 

co-polymers) to 12 g (± 0.05 g) of milled material. This mixture was milled for 4 

minutes at 300 rpm. On completion of the binder milling the prepared powders 

were placed into tamper evident plastic sample tubes for temporary storage prior 

to pellet preparation. Pellets (40 mm) were pressed using a calibrated Herzog 

semi-automatic pellet press at 25 kN.

Prior to analysis, concealed certified reference materials and secondary 

reference materials were inserted into the sample batches. XRF analysis of the 

A samples was undertaken at the BGS; ICP analysis of A and S samples at 

SGS Laboratories, Toronto; and fire-assay of S samples at SGS Laboratories, 

Toronto.

rocks
During the Tellus survey, 114 samples of fresh unaltered rock (approximately 15 kg) 

were collected randomly from outcrops across Northern Ireland. Samples were 

prepared at the BGS laboratory. Preparation began with a thorough washing of 

the sample to remove any rock dust or soil debris. Samples were then chipped 

and 100 g of material was milled in an agate ball-mill to a specification identical to 

that for the soils. The rock powders were dried overnight at 105°C before loss on 

ignition (L.O.I.) and fused bead production. Any samples with visible mineralisation 

were prepared in a similar manner but in a separate facility dedicated to higher-

grade materials. The fused bead XRFS analysis was completed at the BGS 

analytical laboratory.

CheMICal analysIs
As the 1994/6 and Tellus surveys were separated by a decade and involved 

analysis for a wide range of elements in several different sample media, several 

analytical methods and different laboratories were used. 

surface soil/ a sample
Samples from the 5–20 cm depth were analysed as follows:

1. BGS laboratory: 

a. XRF analysis for major oxides and trace elements on pressed powder 

pellets.

b. pH: a sub-sample (10 g ±2 g) of the <2 mm fraction (obtained by cone and 

quartering), slurried with 0.01M CaCl2 solution, with a soil/solution ratio of 

1:2.5. Soil pH was measured using a calibrated pH meter.

c. Loss on ignition (LOI): 1 g of milled sample was dried in an oven at 105°C 

for a minimum of 4 hours. The sample was then heated in a furnace at 

450°C for 4 hours. LOI was calculated using the weight loss between the 

sample heated at 450°C and dried at 105°C.

2. SGS Laboratories (Toronto): aqua regia digestion of a 1 g sub-sample, 

followed by trace element analysis by ICP-OES and ICP-MS.

deep soil/ s sample
Samples from the 35–50 cm depth were analysed as follows at SGS 

Laboratories:

1. Aqua regia digestion of a 1 g sub-sample, followed by trace element 

analysis by ICP-OES and ICP-MS.

2. Multi acid (HF-HClO4-HCl-HNO3) ‘Near-total’ digestion, followed by trace 

element analysis by ICP-OES and ICP-MS.

3. Lead fire assay of a 10 g sub-sample of milled material followed by Au, Pd 

and Pt analysis by ICP-MS.

4. Dilute hydrochloric acid digestion of a 1 g sub-sample followed by 

sulphate analysis by ICP-OES.

stream sediments
1. BGS laboratory: XRF analysis for major oxides and trace elements on 

pressed powder pellets.

2. Acme Analytical Laboratories Ltd. (Vancouver): lead fire assay of a 10 g 

sub-sample of milled material followed by Au, Pd and Pt analysis by ICP-

MS; boron analysis by ICP-MS.

Waters
1. ALcontrol Laboratories, Hoogvliet,Netherlands: anion and NPOC by Ion 

Chromatography.

2. GTK, Espoo, Finland: trace element analysis by ICP-AES and ICP-MS.

Photograph 4.7

Sediment sampling

Photograph 4.8

Soil sampling
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soils and stream sediments: trace element 
analysis by x-ray fluorescence spectrometry 
Major and trace element determinations for stream sediment and soil samples 

were carried out by wavelength-dispersive X-ray fluorescence (XRF) spectrometry 

(Ingham and Vrebos, 1994) for both the 1994/6 and 2005/6 samples. The 

procedures were identical for both sample sets. Sample preparation and XRF 

analysis were completed at the BGS laboratory; advances in XRF analysis over 

the period between the two surveys facilitated a greater range of determinands 

and lower detection limits for the more recent Tellus samples.

1994/6 samples
The 1994/6 sediment samples were analysed by wavelength-dispersive X-ray 

Fluorescence (WD-XRF) using three different machines. A Philips PW1480 

sequential spectrometer fitted with a tungsten-anode X-ray tube (3 kW 100 kV) 

was used for Ag, Cd, Sn, Sb, Cs, La and Ce. Two Philips PW2400 sequential 

spectrometers fitted with rhodium-anode X-ray tubes (3 kW 60 kV) were used 

for MgO, P2O5, K2O, CaO, TiO2, MnO, Fe2O3, V, Cr, Co and Ba as one suite and 

Ni, Cu, Zn, Ga, As, Se, Rb, Sr, Y, Zr, Nb, Mo, Pb, Bi, Th and U as another. The 

spectrometers were controlled using Philips X40 application software package, 

version 3.2 and 4.01 (PW1480) and version 3.9F and 4.02 (PW2400) running 

under DEC VMS operating system on a VAX4000 computer. For the later Tellus 

samples of 2005/6 the spectrometers used were a PANalytical Axios Advanced 

with 4 kW Rh tube and a Philips MagiX-PRO with 4 kW Rh tube. 

Samples were prepared for analysis by grinding 12 g of sample and 3 g of 

Elvacite 2013 (n-butyl methacrylate copolymer, Dupont & Co) in an agate planetary 

ball mill (Fritsch P5) for 30 minutes. The mixture was then pressed at 25 t load into 

40 mm diameter pellets using a Herzog (HTP-40) semi-automatic press.

The pellet was irradiated by X-rays, which induce secondary X-ray fluorescence 

of the atoms within the sample. This secondary radiation was collimated onto a 

diffraction crystal and its intensity at selected peak and background positions in 

the X-ray spectrum was measured using a detector mounted onto a goniometer. 

The net intensity at each of the peak positions was calibrated against known 

synthetic standards and Reference Materials (RMs). Calibrations were performed 

using the manufacturer’s calibration algorithms and making corrections for matrix 

effects and spectral line overlap interferences. Up to two line-overlap interferences 

could be corrected for, using the X40 software.

Trace elements whose characteristic X-ray lines lie on the long-wavelength 

side of the Fe absorption edge (V, Cr, Co, Cs, Ba, La and Ce) are affected 

by absorption from major elements (Fe, Mn and Ti), and this absorption is not 

corrected for by this calibration method. Therefore, the results for these trace 

elements are not as accurate as those for other elements. 

The calibration lines were established using numerous RMs, placing the 

slope to give the best fit through the average of the predominantly silicate RMs. 

Where a sample composition differs widely from this average it may produce 

erroneous results, e.g., peat substrates. Elements such as Ba, Cu, Ni, Pb, Sr, 

Ti, Zn and Zr which are usually present at trace levels, will cause interference if 

they are present at concentrations above about 0.5 %, leading to uncorrected 

errors in most analytes.

For major element analysis, several RMs (e.g., GSD-7, GSS-1, LKSD-1, 

LKSD-4) were used for calibration and to determine background and spectral 

interference correction factors. The PANalytical calibration algorithm was used 

to fit calibration curves, applying matrix correction by influence coefficients. 

Calibrations were validated by analysis of a sub-set of RMs.

For trace element analysis, a set of synthetic standards (Pro-Trace) was used 

to calibrate the instruments and to determine background, spectral interference 

and matrix correction factors. The PANalytical Pro-Trace calibration algorithm 

was used to fit calibration curves, applying matrix correction by mass absorption 

coefficients. The calibrations were validated by analysis of a wide range of 

RMs.

2005/6 samples
For the Tellus samples, Energy Dispersive Polarised X-Ray Fluorescence (ED(P)-

XRF) spectrometers were used to analyse those elements for which the WD-XRF 

spectrometers were insufficiently sensitive (Tables 1, 2). Certified Reference 

Material (CRM) standards were used to calibrate the instruments. The PANalytical 

software was used for spectral deconvolution and to fit calibration curves, applying 

matrix correction by internal ratio Compton correction method. The calibrations 

were validated by analysis of a wide range of RMs. The detectors were calibrated 

weekly. All backgrounds and peaks were corrected for instrument drift using two 

external ratio monitors, when required. Quality control was maintained by regular 

analysis of two glass monitor samples containing 47 elements at nominally 30 mg/

kg and 300 mg/kg. Results were presented as run charts for statistical analysis 

using statistical process control software (SPC).

The analytes determined and lower limits of detection (LLD) for both the 1994/6 

and Tellus stream sediment samples are listed in Table 1 and Table 2. The lower 

limits of detection are theoretical values for the concentration equivalent to three 

standard deviations (99.7 % confidence interval) above the background count 

rate for the analyte in an iron-rich alumino-silicate matrix. For silicate matrices 

the practical detection limits for most elements approach the theoretical values 

due to high instrumental stability. LLDs were calculated from a matrix blank and 

the ‘synthetic’ Pro-Trace standards using Equation 1.

Where:

m = thousands of counts per second (kcps) per % of analyte

Rb = background count rate (kcps)

Tb = time on background (s)

Equation 1

Individual results are not reliable below the quoted lower limits, but reliable 

estimates of the average or typical values over an area may be obtained at lower 

levels of concentration; meaningful distribution patterns may thus be recognised 

for some elements at levels lower than the LLD.

Photograph 4.9

Water sampling

Photograph 4.10

Rock sampling
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Tellus Data 2005/6 1994/6

Analyte LLD (%) Method Analyte LLD (%) Method

Al2O3 0.2 WD-XRFS

CaO 0.30 WD-XRFS CaO 0.032 WD-XRFS

Cl 0.05 WD-XRFS

Fe2O3 0.05 WD-XRFS Fe2O3 0.590 WD-XRFS

K2O 0.10 WD-XRFS K2O 0.129 WD-XRFS

MgO 0.3 WD-XRFS MgO 0.068 WD-XRFS

MnO 0.010 WD-XRFS MnO 0.010 WD-XRFS

Na2O 0.3 WD-XRFS

P2O5 0.05 WD-XRFS P2O5 0.013 WD-XRFS

SiO2 0.1 WD-XRFS

SO3 0.5 WD-XRFS

TiO2 0.020 WD-XRFS TiO2 0.034 WD-XRFS

Table 1 

XRF analyses - majors.

Tellus Data 2005/6 1994/6

Analyte LLD  
(mg/kg) Method Analyte LLD  

(mg/kg) Method

Ag 0.5 ED-XRFS Ag 1.9 WD-XRFS

As 0.9 WD-XRFS As 1.7 WD-XRFS

Ba 1.0 ED-XRFS Ba 10 WD-XRFS

Bi 0.3 WD-XRFS Bi 1.1 WD-XRFS

Br 0.8 WD-XRFS

Cd 0.5 ED-XRFS Cd 1.0 WD-XRFS

Ce 1.0 ED-XRFS Ce 4.7 WD-XRFS

Co 1.5 WD-XRFS Co 0.8 WD-XRFS

Cr 3.0 WD-XRFS Cr 8.4 WD-XRFS

Cs 1.0 ED-XRFS Cs 3.2 WD-XRFS

Cu 1.3 WD-XRFS Cu 5.2 WD-XRFS

Ga 1.0 WD-XRFS Ga 2.1 WD-XRFS

Ge 0.5 WD-XRFS

Hf 1.1 WD-XRFS

I 0.5 ED-XRFS

In 0.5 ED-XRFS

La 1.0 ED-XRFS La 2.8 WD-XRFS

Mo 0.2 WD-XRFS Mo 1.0 WD-XRFS

Nb 0.9 WD-XRFS Nb 0.8 WD-XRFS

Nd 3.6 WD-XRFS

Ni 1.4 WD-XRFS Ni 4.2 WD-XRFS

Pb 1.3 WD-XRFS Pb 3.9 WD-XRFS

Rb 1.0 WD-XRFS Rb 1.3 WD-XRFS

Sb 0.5 ED-XRFS Sb 1.9 WD-XRFS

Sc 2.7 WD-XRFS

Se 0.2 WD-XRFS Se 0.4 WD-XRFS

Sm 3.0 WD-XRFS

Sn 0.5 ED-XRFS Sn 2.1 WD-XRFS

Sr 1.1 WD-XRFS Sr 12.8 WD-XRFS

Ta 1.1 WD-XRFS

Te 0.5 ED-XRFS

Th 0.7 WD-XRFS Th 1.6 WD-XRFS

Tl 0.5 WD-XRFS

U 0.5 WD-XRFS U 0.2 WD-XRFS

V 2.9 WD-XRFS V 8.4 WD-XRFS

W 0.6 WD-XRFS W 2.0 WD-XRFS

Y 1.1 WD-XRFS Y 11.5 WD-XRFS

Yb 1.4 WD-XRFS

Zn 1.2 WD-XRFS Zn 6.3 WD-XRFS

Zr 1.2 WD-XRFS Zr 65.8 WD-XRFS

Table 2

XRF analyses - trace elements.

soils and stream sediments: gold and 
pge by fire assay/ ICp-Ms
Stream sediment and S soils were analysed by fire assay for gold, palladium 

and platinum. The 1994/6 stream sediment samples were analysed in early 

2002 at Acme Analytical Laboratories Ltd. (Vancouver), who also analysed the 

Tellus stream sediments. SGS Laboratories analysed the Tellus S soils. For both 

sample types 10 g sub-samples of milled material were prepared and dispatched 

to the analytical contractors by the BGS laboratory. A standard lead fire assay 

process was completed on samples in both laboratories. Soil samples were 

fired for 60 minutes with a flux mixture containing lead oxide (litharge) in a gas 

furnace at 1050ºC ±100ºC. Sediment samples were fired for 40 minutes. Silver 

was added in order to alloy the precious metals and produce a bead at the end 

of the cupellation process. On completion of the firing the resulting lead button 

was separated from the borosilicate slag and subsequently heated in a MnO 

cupel for 1 hour. This removed the lead and produced a silver bead containing 

Au, Pt and Pd (and Rh).

For the soil analysis the bead was digested in 0.5 mL of 1:1 nitric acid and 

0.5 mL of hydrochloric acid and then diluted to 5 mL with water. For sediments 

the bead was digested with 1 mL of hot nitric acid (HNO3) and then 10 mL of 

hydrochloric acid (HCl). In both laboratories a portion of the digested silver bead 

was aspirated into the Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) 

where the concentrations of Au, Pd and Pt were determined against calibration 

standards. A semi-quantitative analysis of rhodium was obtained in stream 

sediment samples. Soil samples were analysed on a Perkin Elmer Sciex Elan 

9000 ICP-MS Spectrometer and sediment samples on a Perkin Elmer Elan 6000 

ICP-MS Spectrometer. Quoted detection limits for soil and sediment analysis 

are shown in Table 3. For soils the calibration curve consisted of four points: 

blank, 10, 25 and 50 µg/L for each of gold, palladium and platinum in solution. 

An independent check solution at 10 µg/mL was analysed after the calibration, 

a ±10 % tolerance had to be met before analysis commenced.

Element
Soil Quoted 
Detection Limit (ug/kg)3

Sediment Quoted
Detection Limit (ug/kg)4

Au 1.0 (2.0)5 1.0

Pt 0.5 (1.2)5 0.1

Pd 1.0 (1.1)5 0.5
1Rh 2na 0.05

1. semi-quantitative analysis.

2. not analysed

3. SGS Laboratories (Toronto).

4. Acme Laboratories (Vancouver).

5. Revised detection limit in brackets.

Table 3

Quoted and revised detection limits for Au, Pt, Pd (and Rh) by Fire Assay 

Analysis in soil and stream sediments. 

stream sediments: boron analysis by ICp-Ms 
Boron analyses of stream sediments, contemporaneous with the fire assay, were 

performed at Acme Analytical Laboratories Ltd. (Vancouver) as this element 

cannot be determined by XRF. A 0.10 g sub-sample of milled sediment was 

weighed into a zirconium crucible and mixed with 1.5 g Na2O2 and 0.5 g NaOH. 

Analysis was completed by ICP-MS using a single spectrometer (ICP13) in the 

case of Tellus samples. The quoted detection limit was 2 mg/kg. Internal laboratory 

quality control was completed in accordance with the procedures outlined for the 

Acme Laboratories fire assay analysis. Quality control of 1994/6 samples was 

monitored using internal standard LIB-10. For Tellus samples quality control was 

monitored using internal standards C3, FA-100S and LIBF200.

soils: aqua regia digest (hCl, hno3) and ICp-oes/ Ms analysis
The aqua regia digest was performed on both the A, ‘surface’ and S ‘deep’ soil 

samples. The detection limits and analytical methodology is presented in Table 4. 

For each sample 1 ±0.005 g was weighed into a 50 mL centrifuge tube. To each 

sample 8 mL of HNO3 was added and the sample agitated prior to placement into 

a water bath at 80–90°C for thirty minutes. The sample was then allowed to cool 

slightly before the addition of 4 mL of HCl. The sample was further agitated and 

placed into a heated water bath for two hours. During this time the sample was 

agitated every thirty minutes. The sample was then cooled to room temperature 

and diluted to 50 mL with deionised water. The centrifuge tube was then capped 

and shaken. The digest was analysed by ICP-OES (Inductively Coupled Plasma 

Optical Emission Spectrometry) and ICP-MS.

Element
Detection 
limit  
(mg/kg)

Method Element
Detection 
limit  
(mg/kg)

Method

Ag 0.01 ICP-MS Na 0.01 % ICP-OES

Al 0.01 % ICP-OES Nb 0.05 ICP-MS

As 0.10 ICP-MS Ni 0.50 ICP-MS

Au 0.10 ICP-OES P 50.00 ICP-OES

B 10.00 ICP-OES Pb 0.20 ICP-MS

Ba 5.00 ICP-OES Pd 0.50 ICP-MS

Be 0.10 ICP-MS Pt 0.10 ICP-MS

Bi 0.02 ICP-MS Rb 0.20 ICP-MS

Ca 0.01 % ICP-OES S 0.01 % ICP-OES

Cd 0.01 ICP-MS Sb 0.05 ICP-MS
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Element
Detection 
limit  
(mg/kg)

Method Element
Detection 
limit  
(mg/kg)

Method

Ce 0.05 ICP-MS Sc 0.10 ICP-MS

Co 0.10 ICP-MS Se 1.00 ICP-MS

Cr 1.00 ICP-OES Sn 0.30 ICP-MS

Cs 0.05 ICP-MS Sr 0.50 ICP-OES

Cu 0.50 ICP-OES Ta 0.05 ICP-MS

Fe 0.01 % ICP-OES Tb 0.02 ICP-MS

Ga 0.10 ICP-MS Te 0.05 ICP-MS

Ge 0.10 ICP-MS Th 0.10 ICP-MS

Hf 0.05 ICP-MS Ti 0.01 % ICP-OES

Hg 0.01 ICP-MS Tl 0.02 ICP-MS

In 0.02 ICP-MS U 0.05 ICP-MS

K 0.01 % ICP-OES V 1.00 ICP-OES

La 0.10 ICP-MS W 0.10 ICP-MS

Li 1.00 ICP-OES Y 0.05 ICP-MS

Lu 0.01 ICP-MS Yb 0.10 ICP-MS

Mg 0.01 % ICP-OES Zn 1.00 ICP-OES

Mn 5.00 ICP-OES Zr 0.50 ICP-OES

Mo 0.05 ICP-MS

Table 4

Elements, detection limits and analysis method for aqua regia digest ICP-OES/ 

MS analysis of soil at SGS Laboratories.

soils: near-total (hCl, hno3, hClo4, hf) 
digest and ICp-oes/ Ms analysis
The near-total digest (SGS method code ICM40B) was performed on the S soil 

samples only. Table 5 shows the detection limits and analytical methodology for 

the suite of elements.

A 0.20 g ±1.0 mg sample was weighed into a 50 mL Teflon dish. Then 2 mL 

each of nitric, hydrochloric and hydrofluoric acids were added to each sample 

dish, with 1 mL of perchloric acid. The inner wall of the dish was then rinsed 

with deionised water and the dish heated at 200–250°C until dry. The dish was 

allowed to cool, then 1.0 mL of perchloric acid was added, and the dish re-heated 

to dryness at the same temperature. The dish was cooled again and 2 mL of 

hydrochloric acid and 1 mL of nitric acid were added. The dish was allowed to 

stand for a few minutes before the addition of approximately 10 mL of deionised 

water. The dish was then heated to dissolve the salts. The solution was transferred 

to a graduated plastic centrifuge tube and diluted to 12 mL with deionised water. 

The centrifuge tube was then covered with parafilm and agitated. Samples were 

analysed by a combination of ICP-OES and ICP-MS.

Element
Detection 
limit  
(mg/kg)

Method Element
Detection 
limit  
(mg/kg)

Method

Ag 0.02 ICP-MS Na 0.01 % ICP-OES

Al 0.01 % ICP-OES Nb 0.10 ICP-MS

As 1.00 ICP-MS Ni 0.50 ICP-MS

Ba 5.00 ICP-OES P 50.00 ICP-OES

Be 0.10 ICP-MS Pb 0.50 ICP-MS

Bi 0.04 ICP-MS Rb 0.20 ICP-MS

Ca 0.01 % ICP-OES S 0.01 % ICP-OES

Cd 0.02 ICP-MS Sb 0.05 ICP-MS

Ce 0.05 ICP-MS Sc 0.10 ICP-MS

Co 0.10 ICP-MS Se 2.00 ICP-MS

Cr 1.00 ICP-OES Sn 0.30 ICP-MS

Cs 5.00 ICP-MS Sr 0.50 ICP-OES

Cu 0.50 ICP-OES Ta 0.05 ICP-MS

Fe 0.01 % ICP-OES Tb 0.05 ICP-MS

Ga 0.10 ICP-MS Te 0.05 ICP-MS

Ge 0.10 ICP-MS Th 0.20 ICP-MS

Hf 0.02 ICP-MS Ti 0.01 % ICP-OES

In 0.02 ICP-MS Tl 0.02 ICP-MS

K 0.01 % ICP-OES U 0.10 ICP-MS

La 0.10 ICP-MS V 1.00 ICP-OES

Li 1.00 ICP-OES W 0.10 ICP-MS

Lu 0.01 ICP-MS Y 0.10 ICP-MS

Mg 0.01 % ICP-OES Yb 0.10 ICP-MS

Mn 5.00 ICP-OES Zn 1.00 ICP-OES

Mo 0.05 ICP-MS Zr 0.50 ICP-OES

Table 5

Elements, detection limits and analysis method for the near total digest ICP-

OES/ MS analysis of soil at SGS Laboratories.

soils: sulphate (so4) by hydrochloric acid 
(hCl) digest ICp-oes analysis
Sulphate analysis on a hydrochloric acid digest was performed on the S soil 

samples only (SGS method code CHAY50). The digest was:

1. 0.1 g of soil sample was weighed into a test tube.

2. 2 mL of distilled water was added.

3. The sample was then agitated and heated to boiling point for a few 

minutes.

4. 1 mL of concentrated hydrochloric acid was then added and the sample 

heated to boiling point. Heating was continued for 15 to 20 minutes.

5. The sample was then cooled and diluted to 20 mL with distilled water.  

The digested sample solution was then aspirated into the ICP-OES 

instrument (Varian Vista Pro Radial, Varian Inc., Melbourne, Australia).

stream waters
The stream water results from the 1994/6 and Tellus 2005/6 surveys, although 

produced more than a decade apart, integrate well. The main differences between 

the two datasets can be attributed to improvements in analytical methodology. 

Tellus water samples have been analysed with generally better lower limits of 

detection and for a greater range of elements. The complete Northern Ireland 

stream water data set can be used with the confidence that element variability 

is attributable to natural or anthropogenic factors.

1994/6 water samples 

Inductively coupled plasma atomic-
emission spectrometry (ICp-aes)
ICP-AES was used to determine 14 elements in the 1994/6 samples. The 

instrument used was a Fisons Instruments ARL 3580, with mini torch. This size of 

torch uses less gas and power than a standard ICP torch but produces the same 

power density and comparable detection limits. The instrument incorporates two 

spectrometers, simultaneous and sequential, based on identical 1 m Paschen 

Runge concave grating systems. This study used the simultaneous spectrometer, 

which has 45 fixed channels. The light path from the torch to the spectrometers 

is partly enclosed in an argon-flushed tube to minimise the absorption of low-

wavelength lines by the atmosphere. The image of the torch is positioned onto 

the photomultiplier tubes (PMTs) by moving the entrance slit to the spectrometer 

and determining the slit position which gives maximum peak intensity. In routine 

operation, samples were loaded in racks on an ARL Plasma Autosampler. The 

autosampler racks were constructed to hold the sample containers directly. Each 

rack holds up to 64 samples and the autosampler can hold up to three racks. 

The elements determined, detection limits and units are listed in Table 6. The 

detection limits are based on five times the standard deviation of the blank and 

give a conservative value based on data merged from five years of operation. 

The ICP and autosampler are controlled using the manufacturer’s PlasmaVision 

software, which incorporates instrument-control software (ICS). The ICS provided 

microprocessor control of the instrument and analytical procedure. An IBM PS/2 

Model 70 personal computer was used to run the PlasmaVision software and 

was connected to a printer and the local area network (LAN), which allowed 

high-speed transmission of data for off-line data processing.

Element
Detection 
limit  
(µg/L)

Method Element
Detection 
limit  
(µg/L)

Method

Al 14 ICP-AES Mn 1 ICP-AES

B 11 ICP-AES Na 12 ICP-AES

Ba 2 ICP-AES P 61 ICP-AES

Ca 13 ICP-AES Si 10 ICP-AES

Fe 4 ICP-AES SO4 64 ICP-AES

K 38 ICP-AES Sr 1 ICP-AES

Mg 18 ICP-AES Zn 7 ICP-AES

Table 6

ICP-AES: elements determined, detection limits and units for 1994/6 water 

analyses. 

The spectrometer was calibrated by aspirating multi-element standard 

solutions and plotting emission intensity against concentration using the 

PlasmaVision software (Tait and Ault, 1992). They were prepared by serial dilution 

of stock standard solutions. The stock standard solutions for series B (trace 

elements) and D (Si) were prepared from single-element standard solutions, 

purchased from commercial suppliers. Series A (major elements) and C (anions) 

were prepared from the dissolution of pure solids, usually Specpure® metals 

and chemicals from Johnson Matthey Chemicals. Total sulphur is reported as 

sulphate, as described by Miles and Cook (1982). On-line spectral interferences 

were investigated by aspirating a high-purity solution of the interfering element and 
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measuring the intensity of emission at the wavelength of the interfered element. 

Mathematical correction factors were then incorporated into the software.

Quality control during the ICP-AES analyses was maintained by means of drift-

correction standards, in-house quality-control standards, and participation in the 

Aquacheck inter-laboratory testing scheme. The results from the drift-correction 

standards were used to adjust the calculated concentration for changes in 

instrument response during the analytical run (Ault, 1993). Two in-house QC 

standard solutions were analysed several times in random positions within every 

batch of one hundred samples. Data from these solutions were assessed against 

a running mean and two sigma limits (approximately 95 % confidence) for every 

determinand. If QC data were consistently outside these limits, data for the 

corresponding samples were rejected and the samples reanalysed.

Inductively coupled plasma mass spectrometry (ICp-Ms)
ICP-MS was used to determine 23 trace elements in the 1994/6 water samples 

(Table 7). The quadrupole ICP-MS instrument used was a VG Plasmaquad PQ 

2+ in combination with a Gilson 222 autosampler. The system was controlled by 

a PC through dedicated software. 

The ICP-MS instrument consists of an inductively coupled plasma, which 

provides a source of positively charged ions, and a quadrupole mass spectrometer, 

which detects these ions, linked by an interface. Liquid samples are pumped 

through a nebuliser, and the resulting sample aerosol and argon mixture passes 

through a water-cooled spray chamber, to remove the larger droplets, before 

injection into the central channel of the ICP torch. Energy transfer processes in 

the plasma result in rapid desolvation, atomisation and ionisation of the sample 

aerosol.

Element
Detection 
limit  
(µg/L)

Method Element
Detection 
limit  
(µg/L)

Method

Ag 0.08 ICP-MS Ni 0.6 ICP-MS

Al 1.53 ICP-MS Pb 0.05 ICP-MS

As 0.46 ICP-MS Rb 0.06 ICP-MS

Be 0.03 ICP-MS Sb 0.06 ICP-MS

Cd 0.02 ICP-MS Se 2.52 ICP-MS

Ce 0.02 ICP-MS Tl 0.01 ICP-MS

Co 0.05 ICP-MS U 0.05 ICP-MS

Cr 0.35 ICP-MS V 0.14 ICP-MS

Cu 0.13 ICP-MS Y 0.01 ICP-MS

La 0.01 ICP-MS Zn 0.77 ICP-MS

Li 0.22 ICP-MS Zr 0.03 ICP-MS

Mo 0.03 ICP-MS

Table 7 

ICP-MS: elements determined, detection limits and units for 1994/6 water 

analyses.

The positively charged ions are extracted from the plasma into the vacuum 

system of the mass spectrometer. The ions pass through a sampling orifice of 

1 mm diameter into a mechanically pumped vacuum system, where a supersonic 

jet forms. The central section of this jet is extracted through the skimmer orifice 

of 0.7 mm diameter and then focussed by a series of electrostatic ion lenses into 

the quadrupole mass analyser. DC and RF voltages are applied to opposite pairs 

of the four rods of the quadrupole. These voltages are varied such that only ions 

of a given mass:charge (m/z) ratio will have a stable path through the rods and 

emerge from the other end. By varying the DC and RF voltages rapidly, the mass 

spectrometer was able to sweep across the mass range from 0 to 300 mass 

units in less than a second. Although the quadrupole analyser has a relatively 

low resolving power (<400), it is sufficient to separate ion m/z from ion (m/z) +1 

but not from a polyatomic ion with a very similar m/z.

The ions transmitted by the quadrupole are detected using a dynode electron 

multiplier. Counts for a particular mass are accumulated for a number of sweeps 

across the mass range and are proportional to the concentration of the element in 

the aspirated solution. The response at any mass is calibrated against standards 

containing known concentrations of the element of interest.

Jarvis (1997) offers a simple description of the components of the 

instrumentation including the operational principles of quadrupole mass analyser. 

Montaser (1998) should be consulted for a comprehensive review of the technique 

and background theory. Detection limits (Table 8) were based on three standard 

deviations of a large number of 1 % nitric acid blanks inserted throughout all the 

analytical runs of 1994/6 waters. As with the ICP-AES method, accuracy was 

monitored by regular participation in the Aquacheck inter-laboratory proficiency 

testing scheme for waters, in which approximately 350 laboratories participate 

worldwide.

Element Isotope
LOD based on blanks 
ug 1-1

Li 7 0.2

Be 9 0.03

Al 27 2

V 51 0.2

Cr 52 0.4

Co 59 0.02

Ni 60 0.4

Cu 63 0.4

As 75 0.5

Rb 85 0.03

Y 89 0.01

Zr 90 0.02

Mo 98 0.03

Ag 109 0.1

Cd 114 0.01

Sn 120 0.04

Sb 121 0.05

Ba 137 0.1

La 139 0.01

Ce 140 0.01

Tl 205 0.01

Pb 208 0.04

Th 232 0.01

U 238 0.01

Table 8 

Isotopes used and detection limits calculated from the blanks included with 

1994/6 water samples.

Chloride and nitrate in 1994/6 waters by colorimetry 
Chloride and nitrate (the latter as Total Oxidisable Nitrogen) were determined 

for each water sample using automated colorimetric techniques, a simple and 

reliable method requiring minimal sample preparation (filtration <0.45 µm). The 

system used was a Bran and Luebbe Analysing Technologies AutoAnalyser 

3 continuous segmented flow system. The instrument was connected to a 

dedicated PC installed with AACE (AutoAnalyzer Control and Evaluation) software 

for interpretation and quantification of the results

Chloride and nitrate (as total oxidisable nitrogen) were determined in 

each water sample using an air-segmented flow colorimetric technique. This 

methodology required a filtered (<0.45 mm) water sample. Parallel streams of 

reagent and sample were injected into a glass helical mixing coil. The reagent 

reacted with the determinand to form a coloured complex which was then passed 

into a colorimeter containing a flowcell and appropriate filter. The absorbance 

of each sample solution was measured continuously in an optical cell. The 

analyte concentration was determined by comparing the absorbance peaks for 

samples with peaks for known standard solutions. Chloride was determined using 

the quantitative displacement of thiocyanate from a colour reagent containing 

mercuric thiocyanate and ferric nitrate (Equation 2). Thiocyanate was liberated 

by the reaction of chloride in the water sample with mercuric thiocyanate in the 

reagent, producing soluble mercuric chloride and thiocyanate ions. A highly 

coloured ferric thiocyanate is formed. The absorbance of the ferric thiocyanate 

is proportional to the original chloride concentration of the water sample. The 

absorbance was measured at 480 nm. 

2Cl- + Hg(SCN)2 + 2Fe3+ → HgCl2 + 2[Fe(SCN)]2+

Equation 2: 

Chemical reaction for the quantification of chloride in stream water.

Nitrate was measured using a technique which reduced nitrate to nitrite in the 

presence of hydrazine. The procedure employed a dialysing membrane to 

eliminate interference from dirty or coloured samples. Segmented nitrate flowed 

on one side of the membrane while the reduced nitrite which had passed through 

the membrane flowed on the other side. The segmented nitrite flow underwent 

a diazotisation reaction when combined with a stream of sulphanilamide. The 

resulting diazonium ion reacted with N-(1-napthyl)-ethylenediamine to form a 

reddish purple azo dye which absorbs at 520 nm. The period from sample 

collection to analysis was short in order to minimise any change in anion chemistry 

in response to microbial activity. The technique determined total oxidised nitrogen, 

as such any pre-existing nitrite (NO2-) in the sample contributed to the final 

nitrate concentration, thus introducing a small positive bias to the 1994/6 nitrate 

measurements. The detection limits (Table 9) were 1.0 and 0.2 mg/L for Cl- and 

NO3-, respectively.
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fluoride in 1994/6 waters by ion selective electrode
Fluoride was determined using an Orion Model 94-09 fluoride ion selective 

electrode with an Orion Model 90-01 single-junction reference electrode 

connected to an Orion Model 420A ISE meter (Cook and Miles, 1980).

The fluoride electrode was calibrated with a series of standards, ranging from 

10 to 10 000 µg/l fluoride. The standards were run at regular intervals to check 

the calibration. The lowest quantifiable concentration was 10 µg/l. 

Total Ionic Strength Adjustment Buffer (TISAB) was added to all standard and 

sample solutions to maintain a high and constant ionic strength relative to the 

variable concentrations of fluoride. Samples and standards were equilibrated to 

the same temperature and mixed with TISAB at a 30:3 (ml sample:TISAB) ratio. 

The solutions were stirred by a magnetic stirrer before measurement. 

non-purgeable organic carbon in stream waters (npoC)
Analysis of non-purgeable organic carbon (NPOC) in a filtered water sample 

determines its dissolved organic carbon (DOC) content. The determination 

of NPOC was carried out using a Shimadzu TOC 5000 analyser (Serial No. 

28604210) with associated ASI 5000 auto-sampler (Serial No. 29D07360). 

Samples were automatically pre-treated by the addition of a small volume of 

10 % HCl and sparged with inert gas to remove any inorganic carbon in the 

sample. Technically, any organic species that are volatile on acidification are 

also removed - although such species are rare in natural waters. The remaining 

organic carbon in the sparged sample was then combusted in a furnace, evolving 

carbon dioxide which was measured using a non-dispersive infra-red (NDIR) gas 

analysis system. Samples were calibrated against a series of standards, and the 

method was subject to stringent quality control and proficiency testing regimes. 

The determination of NPOC is accredited by UKAS.

Anion Symbol Detection limit

Fluoride F- 0.02 mg/L

Chloride Cl- 1.0 mg/L

Nitrate NO3
- 0.2 mg/L

Bicarbonate HCO3
- 0.1 mg/L

Conductivity SO4
2- 10 µs/cm

DOC - 0.5 mg/L

Table 9 

Anions and other parameters, detection limits for 1994/6 water samples.

2005/6 Tellus stream waters
Samples were analyzed for trace elements by Inductively Coupled Plasma 

Atomic Emission Spectrometry (ICP-AES) and Inductively Coupled Plasma Mass 

Spectrometry (ICP-MS). Anions were analysed by ion chromatography. Analysis 

for anions and NPOC was completed at ALcontrol Laboratories in Hoogvliet, The 

Netherlands. The ICP analysis was conducted at the laboratories of the Geological 

Survey of Finland (GTK) in Espoo.

trace element analysis by ICp-aes
Analysis was undertaken on a Thermo Jarrel Ash IRIS Advantage AP-HR-DUO. 

The element suite, wavelengths and detection limits are shown in Table 10. 

Multiple wavelengths were quantified for some elements (e.g., Fe) in order to 

ascertain the signal to background contrast and to assess sensitivity of individual 

wavelengths.

trace element analysis by ICp-Ms
Analysis was undertaken on a PerkinElmer Sciex Elan 6000. The mass and 

detection limit for each element is shown in Table 11. For some elements (e.g., 

Cr) two masses were quantified in order to calculate known interferences and 

check for inter-element interferences.

anion analysis
Anion analysis was conducted using a Metrohm 861 Compact Ion Chromatography 

System. Analytes and associated detection limits are shown in Table 12. Anions 

were analyzed in accordance with ISO 10304-1 (International Organization for 

Standardization, 1992).

Element Wavelength (nm) Detection limit (mg/L)

Ca 315.8 0.1

Fe 239.5 0.01

Fe 248.4 0.01

K 766.5 0.5

Mg 279.0 0.1

Mg 285.2 0.1

Element Wavelength (nm) Detection limit (mg/L)

Na 589.5 0.2

P 185.9 0.05

S 182.0 0.3 (as SO4
2-)

Si 243.5 0.06

Si 251.6 0.06

Table 10 

ICP-AES: element suite, emission wavelengths and detection limits for Tellus 

water samples.

Element Mass Detection 
limit 
(ug/L)

Element Mass Detection 
limit 
(ug/L)

Ag 106.905 0.01 Mo 94.906 0.02

Al 26.982 0.5 Mo 97.906 0.02

As 74.922 0.05 Ni 59.933 0.05
1Au 196.967 0.1 P 30.994 10

B 11.009 0.5 Pb 207.977 0.05

Ba 136.905 0.05 1Pd 105.903 0.1

Be 9.012 0.05 1Pd 107.904 0.1

Bi 208.980 0.02 1Pt 194.965 0.02

Br 78.918 10 Rb 84.912 0.01

Cd 110.904 0.02 1Rh 102.905 0.01

Cd 113.904 0.02 Sb 120.904 0.02

Co 58.933 0.02 Se 81.917 0.5

Cr 51.941 0.2 Sn 119.902 0.05

Cr 52.941 0.2 Sr 85.909 0.1

Cs 132.905 0.01 Th 232.038 0.01

Cu 62.930 0.1 Ti 46.952 0.5
1Hg 201.971 2no DL Tl 204.975 0.01
1Ho 164.930 0.001 U 238.050 0.01

K 38.964 10 V 50.944 0.05

La 138.906 0.001 W 183.951 0.01

Li 7.016 0.02 1Y 88.905 0.001

Mn 54.938 0.02 Zn 65.936 0.2

   1Zr 89.904 0.03
1 not within accreditation protocol.

2 no quoted detection limit, semi-quantitative measurement

Table 11 

ICP-MS: element suite, mass and detection limits for Tellus water samples.

Analyses were accredited to the ISO/IEC 17025 specification, except for Au, Ho, 

Pd, Pt, Rh, Y and Zr which were not within the accreditation protocol.

Anion Symbol Detection limit (mg/L)

Fluoride F- 0.01 mg/L

Chloride Cl- 0.05 mg/L

Bromide Br- 0.02 mg/L

Nitrite NO2
- 0.01 mg/L

Nitrate NO3
- 0.02 mg/L

Phosphate P 0.1 mg/L

Sulphate SO4
2- 0.05 mg/L

NPOC - 0.5 mg/L

Table 12 

 Anions and detection limits for Tellus water samples.

analysis for non purgeable organic carbon (npoC)
Non-purgeable organic carbon (NPOC) is the total content of NPOC attached to 

dissolved or suspended solids. Cyanates, elementary carbon and thiocyanate 

are included in this measurement. The analysis was conducted in accordance 

with NEN-EN-1484, accredited by RvA Netherlands (Dutch Accreditation Council). 

Samples were acidified using phosphoric acid and purged with nitrogen gas to 

remove inorganic and purgeable carbon. Each sample was then injected into 

a FormacsHT (high temperature) TOC/ TN Analyser made by Skalar Analytical 

B.V. The sample was heated to 800°C. Carbon present within the sample was 

oxidised to CO2 and carried using an oxygen gas flow into an IR-detector. The 

absorption of infrared light at 4.2 µm wavelength was used as a measure of the 

amount of CO2 produced by the sample and hence the NPOC. Samples were 
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analysed using instrumentation dedicated to water analysis only. A detection limit 

of 0.50 mg/L was achieved.

Potassium hydrogen phthalate was used for calibration. A reference sample 

comprising acetanilide solution and a check solution made from cellulose were 

analysed. In each analytical batch of 20 field samples a sequence of calibration 

solutions, blanks, and control samples were analysed. Results for reference 

materials were plotted on statistical process control charts.

QualIty Control
Similar sampling and analytical protocols were employed in the 1994/6 and 

Tellus surveys in order to minimise sampling and analytical errors and reduce 

the analytical uncertainty of the results. The methods of Plant et al (1975) were 

employed to monitor potential variance throughout the geochemical programme, 

from collection through preparation to analysis. A method based on randomised 

sample numbers (Plant, 1973) was used to identify any systematic error in field 

sampling and analysis. 

Long-term analytical drift was monitored by analysing a series of standards 

representing the range of concentration for each element. The standards included 

several bulk stream sediment, stream water and soil samples collected over 

representative rock types in the area, termed Secondary Reference Materials 

(SRMs), in contrast to the accredited primary reference standards used for 

analytical calibration, or Certified Reference Materials (CRMs). For both 1994/6 

and Tellus samples, two SRMs were analysed in every batch of 100 samples. 

Time-versus-concentration plots for each of these standard samples were used to 

identify shifts in the analytical data, and simple arithmetic factors were calculated 

to enable the data to be normalised for systematic drift. Details of the collection 

and use of the SRMs are given in Smyth (2009).

Although soil and stream sediment preparation and XRF analyses were 

undertaken at the BGS laboratory, separate facilities and staff for preparation 

and analysis maintained the principle that samples were ‘blind’ to the analysts, 

both in terms of sample location and position of quality control samples in the 

analytical stream. Internal BGS quality control procedures are discussed in 

Johnson et al (2005).

analysis of variance
Sampling and analytical precision were calculated using a procedure based on 

analysis of variance (ANOVA). At 180 sites, duplicate stream sediment samples 

were collected from sites a few metres away from the routine samples. The site 

numbers were chosen using random number tables. Each sample was dried 

and split into two portions, producing a total of four replicates from each site for 

chemical analysis. As a check against mis-labelling or other error, the analyses of 

the two portions were plotted against each other, for selected elements of differing 

chemical properties, to assess whether any sample pairs were consistently 

outlying. The pairs of samples were averaged, and routine and duplicate sample 

pairs were examined in a similar manner. 

Plots of cumulative frequency versus concentration for each element were 

examined to assess the degree to which the distribution of the element conformed 

to the Gaussian distribution. ANOVA was not performed on those elements 

for which many values fell below or near the lower limit of detection (Ag, Bi, 

Cd, Sb).

A random nested model of ANOVA was selected because all the analyses 

were part of a single randomised data set (Snedecor and Cochran, 1989). The 

NESTED procedure from the SASTM statistical software package was used to 

perform the ANOVA (SAS Institute Inc., 1989). Residual variance (representing inter 

alia inhomogeneities introduced in sample preparation and sub-sampling, and 

errors in chemical analysis), between-sample variance (representing within-site 

variability as well as any variability introduced by the process of sample collection) 

and between-site variance (representing the natural distribution of the elements in 

stream sediments) were calculated. Because the frequency distribution of most 

elements is multi-modal and none fit the Gaussian model perfectly, there is an 

unquantifiable overstatement of the between-site variance - a problem which is 

inherent in using ANOVA on geochemical data. The ANOVA results are given 

in Smyth (2009). 

For stream waters, two sample numbers within every batch of 100 samples 

were reserved for the insertion of blank waters. These were made up from a 

stock supply of ultrapure de-ionised water and inserted in the field during sample 

collection. Blank waters were inserted into fluoride, chloride/nitrate and ICP-AES 

sample sets. Blank waters for ICP-AES and ICP-MS samples were acidified with 

1 % v/v Aristar-grade concentrated nitric acid.

Following analysis of all suites of water samples, time-series plots of the blank 

water data were generated as an aid to the identification of small background 

shifts in analytical instrumentation or possible low-level contamination of the 

samples.

ICp-aes (1994/6 data)
Quality control in the ICP-AES analyses was maintained by means of drift-

correction standards, in-house quality-control standards, and participation in 

the Aquacheck interlaboratory testing scheme. Drift-correction standards were 

measured before each sample run to validate the instrument calibration. The 

standards consisted of a blank and several multi-element solutions, covering 

all the elements determined. The software performs a two-point check on the 

calibration and alerts the user if the standard intensities are out of tolerance 

(typically ±20 %). The drift-correction standards were also measured throughout 

the run, typically after every 15 samples, to monitor instrument performance. The 

results from the drift-correction standards were used to adjust the calculated 

concentration for changes in instrument response during the analytical run (Ault, 

1993).

Two in-house Quality-Control (QC) standard solutions were analysed several 

times in random positions within every batch of one hundred samples. Data 

from these solutions were assessed against a running mean and two sigma 

limits (approximately 95 % confidence) for every determinant. When QC data 

were consistently outside these limits, data for the corresponding samples were 

rejected and the samples reanalysed.

ICp-Ms (1994/6 data)
The instrument was calibrated at the beginning of every analytical run using 

standards prepared from certified Spex® ICP-MS multi-element solutions in the 

range 0 to 50 µg L-1. In addition, mixed element standards at 10 µg L-1 were inserted 

at regular intervals throughout the analysis run and used to correct for any drift 

in instrument sensitivity. In order to obtain the best detection limits and minimise 

contamination from other sources, the samples were analysed neat, without any 

dilution or addition of internal standard, for stream waters with conductivities less 

than 2000 µS; this was applicable to most of the samples. Any samples with 

conductivities greater than 2000 µS were diluted with 1 % high purity nitric acid 

to reduce its conductivity to below this value.

A multi-element quality control (QC) check standards, containing the elements 

of interest at 5 µg L-1, were analysed after at most every 15 samples. All QC data 

were examined to check that the difference between the QC standard and its 

nominal value was less than 10 %. Each analytical run was independently verified 

by different analyst, including post processing of the data for drift, dilution and 

collation. In addition, the samples were plotted in run order to check for any step 

changes between runs, changes in blank values and any anomalous results. As 

with the ICP-OES method, accuracy was monitored by regular participation in 

the Aquacheck inter-laboratory proficiency testing scheme for waters.

Colorimetry (1994/6 data)
Standards were run at the beginning of each analytical run. Each run contained 

32 to 35 samples, depending on the determinant to be analysed. A quality-control 

check sample (independently analysed by ion chromatography) was included 

in each run.

Each run was examined to check that the drift between standards over 

the run and the difference between the QC check standard and its nominal 

value were less than 10 %. For nitrate determination, an additional check on the 

efficiency of the reduction column was carried out: if this was less than 90 %, 

the column was replaced and the samples re-analysed. Each analytical run was 

independently validated by a different analyst, using random checks on peak-

height measurement, data transcription and sample dilutions.

Ionic balance
Ionic balances were calculated according to procedures described in Hem (1985), 

as a further test of the accuracy of the analytical determinations and to identify 

gross errors such as the accidental acidification of samples for anion analysis (e.g. 

excess nitrate). The charge balance was calculated as shown in Equation 3.

Where ‘cations’ represents Ca, Mg, Na and K. ‘Anions’ represents HCO3, 

SO4, Cl, NO3, all converted to milliequivalents per litre.

Equation 3

Charge balance calculation.

Charge balance is based on the principal of electro-neutrality of water and the 

observation that the eight major ions comprise >95 % of the total dissolved ions 

in most natural stream waters (Appelo and Postma, 1994). A plot of total dissolved 

solids against ionic balance shows the charge-balance error as a function of 

ionic strength and shows that the charge-balance error is higher at low ionic 

strengths, which is due mainly to the lower level of accuracy close to detection 

limit for anionic determinants. The application of modern analytical equipment and 

attainment of low detection limits for analyses dictates that the charge balance 
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error should be less than ±5 %. For the purposes of regional geochemical studies 

a nominal charge balance error of ±10 % was within accepted limits (Figure 2). 

Charge balance errors were accepted irrespective of their value where the total 

of cations or anions was <1 meq/L. At values below this threshold the variance 

of data may be accounted for by analytical error near the detection limit. Samples 

with a charge-balance error of greater than ±25 % were removed from the dataset 

used for the thematic studies.

IntegratIon of 1994/6 and tellus soIl, 
streaM sedIMent and Water datasets

soils 
The collection of soil samples during a single time period coupled with the 

judicious use of certifi ed and secondary reference materials facilitated both 

the quality control and batch to batch levelling of this particular dataset (Lister 

& Johnson, 2005). For the sediment and water data, changes in the range of 

analytes and improvements in detection limits were more problematical. 

stream sediments
The sampling of drainage sites over two different periods of time was subject 

to a range of variables which impacted on the completion of identical quality 

control procedures and levelling for the two different surveys (Lister, 2006a, Lister, 

2006b). During each phase of sampling suffi cient quality control procedures were 

in place to facilitate the assessment of the quality of each individual dataset and 

the production of quality controlled datasets. 

The routine analysis of CRM in the Tellus survey facilitated a levelling of 

datasets and an assessment of accuracy and precision across all sediments 

datasets when used in conjunction with secondary reference materials. The 

disparity of detection limits between the two surveys was counteracted by 

presenting datasets for the whole of Northern Ireland using the 1994/6 detection 

limits. Datasets produced for the eastern part of Northern Ireland as part of the 

Tellus survey may be plotted separately to take advantage of the lower detection 

limits in this survey.

stream waters
The levelling of the 1994/6 and Tellus water datasets (Ander, 2009) ultimately 

proved a more diffi cult task in comparison to the stream sediment datasets. 

Despite the temporal difference in sampling it was possible to merge the datasets 

for the vast majority of analytes; only As, Cr and NO3 were presented as separate 

datasets for both the 1994/6 and Tellus surveys. Changes and developments 

in analytical instrumentation were a major factor between the 1994/6 and Tellus 

sampling phases. The difference was most notable in the anions analysis (Table 

13), with signifi cant differences between the two surveys.

Analyte 1994/6 Detection limit Tellus Detection limit

 Chloride 1.00 mg/L 0.05 mg/L

 Nitrate 0.20 mg/L 0.02 mg/L

 Fluoride 0.02 mg/L 0.01 mg/L

Table 13

ICP-AES: element suite, emission wavelengths and detection limits for Tellus 

water samples.

In order to provide an assessment of temporal variability between the two 

surveys a group of water samples were collected in a north-south zone which 

overlapped the eastern margin of the 1994/6 stream sampling area and the 

western margin of the Tellus sampling area. Analysis of these samples indicated 

similar values for a range of determinands. The boundary between the two survey 

areas coincided with the limits of several river catchments, in part minimising 

the effect of the two different surveys. All 1994/6 and Tellus quality controlled 

datasets were gridded as single merged datasets, resulting in a grid fi le dataset 

of combined 1994/6 and Tellus data. As, Cr and NO3 could not be levelled across 

the temporal divide so separate grid fi les were produced for the 1994/6 and Tellus 

datasets of these analytes.

data and IMage proCessIng
The geochemical and fi eld observational data were entered into an ORACLE™ 

database maintained on the GSNI server. The data were also entered onto 

the British Geological Survey Geochemistry Database, held in an ORACLE™ 

relational database management system.

single-component images
The principal software for map production was ArcGIS™ v.9.2. A map template 

was designed which referenced a range of relevant vector and raster datasets. 

The design of the map template was based on the methods of the G-BASE 

program and the same colour gradient and statistical techniques were used to 

represent the geochemical dataset. The geochemistry database is held locally 

on the GSNI server with direct linkage to the database fi les from ArcGIS™.

Regional datasets were imported into ArcGIS™ and grids were produced 

using the Spatial Analyst extension. The parameters of gridding were those 

routinely used for producing interpolated images in the G-BASE programme. 

Inverse Distance Weighting (IDW) was used as the interpolation method with 

a grid cell size of 250 m, a fi xed search radius of 1500 m and power value of 2. 

The IDW method assigns a higher weighting to measured values closer to the 

predicted location than distal values, i.e., measured values closer to the predicted 

location have a greater infl uence on the predicted value than measured locations 

further away. ArcGIS™ grids were stored locally on the GSNI server.

A percentile classifi cation scheme based on the G-BASE scheme was used 

(Figure 3). The GBASE percentile scheme routinely plots the 5th, 10th, 15th, 

25th, 50th, 75th, 90th, 95th and 99th percentiles using a gradational colour 

scheme from dark blue through blue to green, yellow, orange, red and dark red. 

A similar colour scheme was used for the Tellus geochemistry images. A standard 

percentile suite of 1st, 2nd, 5th, 10th, 15th, 20th, 25th, 40th, 50th, 60th, 75th, 

85th, 90th, 95th, 98th and 99th percentiles were used for Tellus maps (Figure 3). 

Additional percentiles to those normally used on G-BASE maps facilitated a more 

detailed presentation of low, intermediate and high concentration distribution. The 

implementation of the more detailed percentile classifi cation suite was validated by 

the high correlation of anomalies to mapped bedrock and geological structure.

statistics
A statistical summary for each determinand in the different sample media was 

produced. Statistics for the number of samples, minimum, maximum, range, 

arithmetic mean, median, and standard deviation are presented. Noninterpolated 

Figure 2

Total dissolved solids (meq/L) versus charge balance (%) for Tellus 

stream waters.

Figure 3

The Tellus percentile classifi cation scheme.
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quality controlled datasets were used for statistical purposes. Statistics were 

generated in Microsoft Excel™ software. Where a statistical parameter produced 

a value below the detection limit the parameter is recorded as less than the 

applicable detection limit, i.e., < DL.

Histogram
Histograms were plotted (Grapher™ v.6) for all quality controlled datasets. The 

class interval (Figure 4) was chosen using an arbitrary system based on a value 

between one-quarter and one-half of the standard deviation. A cumulative 

frequency plot for each dataset was included with the histogram.

Box and whiskers plot
Every sample site for both soil and stream datasets was given a bedrock 

classification according to the 1:250 000 scale mapped geology. A GIS spatial 

join procedure was employed in ArcGIS™ v.9.2 to classify each sample site using 

a bedrock geology polygon dataset. Due to the variety (>50) of different lithologies 

in Northern Ireland a simplified lithological classification scheme was developed 

which reduced the number of classes to eleven (Figure 5).

The geochemical datasets with appended sample site geology were exported 

from ArcGIS™ in the dBase file format. These were subsequently imported into 

Grapher™ v.6 (Golden Software) where they were presented as box and whisker 

plots (Figure 5).

Ternary images
ArcGIS™ was used to produce ternary images using the interpolated grid data 

files. Each grid was assigned to one of the primary colours (red, green, blue) 

with a gradation of intensity from lowest to highest value. The monochrome 

images were combined to produce a red-green-blue (RGB) composite image. The 

combination of different intensities for the different bands facilitates the definition 

and delineation of anomalous zones for any combination of three determinands. 

A colour scheme (Table 14) is used to discriminate where elements are elevated 

in a particular area.

For example, where: Arsenic = Red, Copper = Green, Nickel = Blue

Red Green Blue Colour Interpretation

X Red Elevated As only

X Green Elevated Cu only

X Blue Elevated Ni only

X X Yellow Elevated As + Cu

X X Magenta Elevated As + Ni

X X Cyan Elevated Cu + Ni

X X X White Elevated As + Cu + Ni

Table 14 

Colour scheme for ternary images.

Note: black in a ternary image corresponds to localities where the lowest 

intensity and hence concentration is present for each of the three parameters. 

White corresponds to an area of highest intensity / highest concentration for 

each of the three parameters.

InterpretatIon of geoCheMICal results
The aim of the G-BASE approach is to provide environmental baseline data on the 

surface environment. The distribution of each element is therefore described in 

relation to the major lithological, stratigraphical and structural subdivisions of the 

region, and the effects of metalliferous mineralisation and Quaternary processes 

are also discussed. This provides the background against which the influence of 

human activity can be assessed, and there are numerous examples in Northern 

Ireland of the local influence of industrial and other contaminative processes.

stream sediments
The geochemical images show the concentrations of the chemical elements 

(expressed as oxides for the major elements) in the <150 µm fractions of stream 

sediment. The chemical compositions of the samples give an indication of the 

composition of the bedrock (subject to the caveats set out below), and have 

the advantage over rock and soil samples that fewer samples are needed to 

represent a given area.

The interpretation of the results needs to take into account the ways in which 

the chemical composition of the fine fraction of a stream sediment sample 

may differ from the typical composition of the bedrock in the source area and 

particularly consider the following:

A very small area of a compositionally contrasting rock type may have a •	

detectable influence on the trace and major-element content of stream 

sediment downstream. This is the basis of the use of stream sediment 

sampling for mineral exploration, and similar observations may point to the 

existence of, for example, a small, hitherto unknown basic intrusion.

In areas where bedrock is overlain by Quaternary deposits, this cover may •	

have an influence on stream sediment geochemistry. In many parts of 

Britain, particularly in upland terrain, till may have little impact, probably 

because much of the finer material is locally derived. Where bedrock 

is covered by exotic glacial, glaciofluvial or lacustrine deposits, or by 

well-sorted sediments (e.g. glaciofluvial or aeolian sands), these deposits 

may have a greater influence, giving high levels of a range of elements 

if clay minerals predominate in the fine fraction and low values of most 

elements if quartz is dominant and, in some circumstances, imposing the 

geochemical signature of source rocks which may differ from underlying 

bedrock.

The processes by which stream sediment is derived from its parent •	

rocks include chemical and physical weathering. Primary rock-forming 

minerals such as feldspars and ferromagnesian silicates may be replaced 

by low-temperature minerals such as clays and chlorites, and certain 

elements such as Mg, Ca, Mn, Fe and Sr are readily mobilised in surface 

and groundwaters. This leads to the concentration of minerals such as 

Fe-Ti oxides and zircon which are resistant to chemical weathering, and is 

reflected in high values of elements such as Ti and Zr. Physical weathering 

involves the breakdown of rocks into their constituent mineral grains and 

Figure 5

Box and whisker plot.

Figure 4

Histogram.
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the further comminution of those grains. The relative concentrations of the 

constituent minerals are likely to be modified by glaciofluvial processes 

and by modern alluvial processes. Minerals such as quartz, garnet and 

baryte, which tend to survive as large grains, will be selectively removed 

by sieving during sample collection.

In streams with high pH and Eh, dissolved Fe and Mn from reducing •	

ground-, soil or interstitial pore-water sources are precipitated as hydrous 

oxides, sometimes in considerable abundance: maximum concentrations 

of Fe2O3 and MnO in stream sediment samples from the present study 

are 57 % and 30 % respectively. These precipitates are present partly as 

colloidal particles and partly as coatings to particles of all sizes. These 

hydrous oxides are capable of sorbing a wide range of trace elements, 

particularly As, Mo and Ba and the elements of the first-row transition 

series. Under favourable conditions, recently precipitated hydrous oxides 

can produce very high concentrations of these elements in the fine fraction 

of the sediment.

Stream sediment may contain material unrelated to the bedrock upstream, •	

derived from anthropogenic contamination of the stream or its catchment. 

The latter includes pollution from mining, agriculture (e.g. phosphate 

fertilisers, which commonly contain U as well as P2O5), industry, sewage 

treatment, domestic sources, and material deposited beside roads. 

soils
The geochemistry of soils is related to factors such as bedrock geology, superficial 

deposits, land use, climate and topography. The relative importance of each of 

these factors varies, both spatially and temporally. Material classified as ‘soil’ 

usually consists of variable proportions of: rock and mineral fragments in various 

states of weathering and alteration; clay minerals produced by the weathering 

process; other secondary minerals, notably the hydrous oxides of Fe, Mn and Al 

and some secondary carbonates; degraded organic matter ranging from plant 

debris to humins and including humic and fulvic acids; and living biota ranging 

in size from bacteria upwards. They also contain contaminants, from agriculture, 

mining, industry or other human activity.

Many soils are well stratified or vertically zoned in composition, as a result 

of leaching and depositional processes within the soil profile. In many soils in 

temperate climatic zones on non-carbonate bedrock, minerals and organic 

material are leached from the upper ‘A’ horizons of a soil and are transported 

downwards and redeposited by precipitation in the ‘B’ horizon (the process known 

as podzolisation). A full description of soil structure and composition may be found 

in texts such as FitzPatrick (1974), Hodgson (1976) and White (1979).

Thus a comparison of soil geochemistry with stream sediment geochemistry 

may be expected to show both similarities and differences, although similar types 

of minerals and chemical compounds may be present. The more important 

physical differences include: a lower rate of material transport, allowing more 

time for in-profile modification; a greater influence from site geology, as opposed 

to catchment geology; only partial water saturation (often with seasonal wetting 

and drying cycles), except for some bog soils; and often extensive anthropogenic 

modification in both agricultural and urban areas.

Because of the tendency of many trace elements, leached from the upper 

horizons, to concentrate in the Fe-oxide-rich ‘B’ horizon, this latter material is 

usually favoured for sampling as it therefore includes a natural pre-concentration 

stage. However, the sorption properties of the secondary oxides in soils are not 

always the same as their equivalents in stream sediments. Consistently high 

concentrations of Mn oxides and associated trace metals such as Co are rare in 

most soils, though the formation of oxide nodules gives rise to very localised high 

concentrations of these elements. In saturated peaty bog soils, acidic, anoxic 

reducing conditions prevail, and Fe, Al and even Si may be mobilised (‘gleying’), 

transported and redeposited. Local chemical variations in such gleyed soils may 

be marked, with grey-green and yellow-red mottling evident.

In peaty soils, which form when conditions are such that the rate of 

accumulation of plant debris exceeds the rate of decay, the organic-matter 

content in the upper layers of the soil may be very high (>90 %) and the humic and 

fulvic acids produced by the humification process play a major part in leaching 

within the soil column, such that the mineral ‘A’ horizon below the peat layer may 

consist only of quartz sand while the ‘B’ horizon contains abundant redeposited 

humic and Fe-oxide material, sometimes with an impermeable Fe oxide layer 

(iron pan). Such soils are common in upland Britain where rainfall is high and the 

bedrock quartzose and base-poor. On the steeper, more freely-drained slopes, 

the podzol profile is undeveloped, partly because of physical mixing by soil creep, 

and a ‘brown earth’ soil is produced. These soils tend to be coarser and more 

sandy than the peaty podzols, and consequently are relatively depleted in the 

clay-affinity elements such as Ga, and richer in such elements as Zr.

In contrast, soils developed over limestones tend to be very thin, alkaline, 

well-drained ‘rendzinas’, in which the carbonates and other soluble minerals have 

been leached leaving only a thin residual mineral soil below an organic humous 

horizon. Resistate minerals tend to become concentrated in these well-drained 

soils, giving rise to elevated levels of such elements as La and Y. The high pH of 

these soils directly affects the natural flora and also controls the type of cultivation 

practised, as do the acidic, base-poor peat soils, giving a direct link between 

bedrock geochemistry and land use. Highly permeable limestone bedrock also 

gives rise to sub-surface drainage flow, and the few surface streams present 

usually dry up in the summer as the water table falls.

Soils in intensively farmed agricultural areas are further modified by physical 

disturbance (e.g. ploughing) and chemical modification (liming, fertilisers, 

pesticides) which may affect both the major nutrient elements such as Ca, K 

and P and supplement trace elements such as Zn. In urban areas with a history of 

industrial activity, contamination by heavy metals and other wastes may be severe, 

especially in the upper part of the soil profile. ‘Made ground’, often incorporating 

solid industrial wastes such as slags, mine spoil, ashes and ceramics, is common 

in urban areas and may give rise to some soils which are unusually metal-rich 

throughout their profiles, in contrast to soils in areas that are less disturbed 

where contamination may be confined to the higher horizons. Sampling a deeper 

horizon may avoid the effects of surface contamination, but not the contaminated 

‘made ground’ profiles.

Since both similar and different geochemical processes operate in stream 

sediments and soils, data for the two sample types were processed and plotted 

separately.

stream waters 
There are several important controls on stream water geochemistry. The bedrock 

and superficial geology of the area covered by this survey shows wide variety, 

both in chemical composition (often one of the principal determinants of stream-

water chemistry) and in physical properties. Groundwater flow, residence time, 

topography, climate and land use are all controls on stream-water chemistry.

The chemistry of stream water at a sampling location is dependent on 

biological and hydrological processes as well as chemical processes. The 

water in streams is a mixture of waters that have passed through different 

environments. This mixing takes place in the unsaturated and saturated zones, in 

the riparian zone and within the stream channel. The relative proportions of these 

components are dependent on catchment properties such as topography and 

the characteristics of the bedrock. For example, soil and rock permeability and 

hydraulic connectivity determine the importance of groundwater in contributing 

to stream flow. Present and antecedent weather conditions also influence the 

proportions of these components, and thereby stream-flow discharge and current 

catchment hydrological status. Once water has reached the stream channel, 

in-stream processes can have a significant influence in modifying stream-water 

chemistry, particularly of the less mobile elements.

Factors controlling the chemical composition of stream water include:

Atmospheric deposition and rain-water composition;•	

Bedrock composition and soil type, long-term weathering and leaching •	

processes;

Occurrence of superficial deposits, type and composition;•	

Processes controlling the chemistry of soil solution;•	

The influence of terrestrial flora and fauna;•	

Mineral weathering, groundwater composition and residency time;•	

Catchment hydrology and extent;•	

Anthropogenic influences in the terrestrial, marine and atmospheric •	

environment;

In-stream processes, e.g., precipitation, mobilisation.•	

More comprehensive descriptions of the processes controlling the composition 

of natural water are given by Drever (1997), Stumm and Morgan (1981) and 

Stumm (1994).
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Soils Sediments Waters

A-Shallow2 S-Deep
XRF Fire Assay ICP ICP

XRF ICP Aqua Near To. Fire
2004/6 1994/6 2004/6 1994/6 2004/6 1994/6 2004/6

Ag • • • • • • • •
Al •1 •1 • • •1 • •

As • • • • • • •

Au • • • • •

B • • • •

Ba • • • • • • • •

Be • • •

Bi • • • • • • •

Br • • • •

Ca •1 •1 • • •1 •1 • •

Cd • • • • • • •

Ce • • • • • •

Cl • • •

Co • • • • • • •

Cr • • • • • • •

Cs • • • • • • •

Cu • • • • • • •

Fe •1 •1 • • •1 •1 • •

Ga • • • • • •

Ge • • • • •

Hf • • • • •

I • • •

In • • • • •

K •1 •1 • • •1 •1 • •

La • • • • • • •

Li • •

Lu •

Mg •1 •1 • • •1 •1 • •

Mn •1 •1 • • •1 •1 • •

Mo • • • • • • •

Na •1 •1 • •1 • •

Nb • • • • •

Nd • • •

Ni • • • • • •

P •1 •1 • •1 •1 • •

Pb • • • • • •

Pd • • • • •

Pt • • • • •

Rb • • • • • • •

Rh • •

S • • •

Sb • • • • • • •

Sc • • • • •

Se • • • • • • •

Si •1 •1 • •

Sm • • •

Sn • • •

SO3 • • •

SO4 •

Sn • • • • •

Sr • • • • • • • •

Tb •

Ta • • • •

Te • • • • •

Th • • • • • • •

Ti •1 •1 • • •1 •1 •

Tl • • • • • •

U • • • • • • •

V • • • • • • •

W • • • • • • •

Y • • • • • • •

Yb • • • • •

Zn • • • • • • • •

Zr • • • • • •

1. reported as wt % oxide

2. A-Shallow soils analysed for pH and Loss on Ignition

Table 15

Tellus surveys, analytes and analytical methods.
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aluminium
Aluminium (Al) has an approximate atomic mass of 27, one main oxidation 

state (+3) and one naturally occurring isotope, 27Al. It is an abundant lithophile 

metallic element, forming many primary Al minerals including sillimanite (Al2SiO5), 

corundum (Al2O3), and kaolinite (Al2Si2O5(OH)4), and is a major constituent in many 

rock-forming minerals such as feldspars, micas and clay minerals. Although it is 

rather a ‘passive’ element in bedrock geological materials, except for acidic soils, 

it is of greater environmental significance in stream waters.

Aluminium has a low mobility under most environmental conditions. However, 

below pH 5.5 its solubility increases, and it can be leached from aluminosilicate 

minerals in soils and silicate rocks (Shiller and Frilot, 1996). This has become 

more apparent with increasing understanding of acid rainfall and progressive 

acidification of soils and drainage systems, notably in Scandinavia, which has 

lead to loss of trees and aquatic life. Due to its amphoteric nature, Al may also be 

mobilised in anionic form under strongly alkaline conditions at pH values above 

8.0 (Shiller and Frilot, 1996), this being less common than acid leaching. At low 

pH values, organic ligands including humic and fulvic acids can complex with 

dissolved Al. In soils, any Al released during weathering tends to re-precipitate 

with iron oxides, except in reducing gleyed soils where Al may be leached out 

in solution.

Aluminium is considered to be biologically essential for some organisms. 

However, dissolved cationic Al can be toxic to fish and other aquatic animals at 

low pH values, and it may be toxic to plants on acid soils. Soluble Al has been 

linked to Alzheimer’s disease in humans (WHO, 1996). Further recent research 

has questioned this general link, though it is a proven risk to patients on kidney 

dialysis. Anthropogenic sources of Al include aluminium smelters, cement plants, 

sewage and anthropogenic dust (Reimann and de Caritat, 1998), but the natural 

background is usually dominant.

antimony
Antimony (Sb) has an approximate atomic mass of 122, three main oxidation states 

(-3, +3, and +5) and two naturally occurring stable isotopes, 121Sb and 123Sb. It 

is a low-abundance chalcophile element, with a mean crustal concentration of 

0.2 mg/kg, forming several rather rare minerals including stibnite (Sb2S3). However, 

it is more usually present at trace levels in minerals such as ilmenite, Mg-olivine, 

galena, sphalerite and pyrite.

During magmatic processes Sb shows no tendency for preferential enrichment 

at any stage of fractionation (Ure and Berrow, 1982). Because Sb is a strongly 

chalcophile element, its concentration often correlates with the overall abundance 

of sulphide minerals (Boyle, 1965). Highest concentrations (>3 mg/kg) are typically 

recorded in the vicinity of hydrothermal deposits of galena and sphalerite. 

Antimony is a proven pathfinder for Au, and is increasingly being analysed for 

this purpose in conjunction with As and Bi (e.g. Plant et al., 1989).

The main detrital Sb-bearing sulphides (e.g. stibnite, sphalerite, galena) 

weather relatively rapidly under acid, oxidising conditions, but the subsequent 

mobility of Sb3+ is generally limited on account of the element’s tendency to 

precipitate as insoluble salts; to become sorped to hydrous oxides of Fe, Al and 

Mn at pH levels of 4.0–8.0 or complex with clay minerals. Fine argillaceous and 

organic-rich sediments are typically enriched in Sb (>1 mg/kg) relative to igneous 

lithologies, reflecting the strong tendency for the element to become sorped (Ure 

and Berrow, 1982).

Antimony is a non-essential element, and at high concentrations it is more toxic 

than either As or Pb; Sb3+ compounds being more toxic than Sb5+ compounds. 

Anthropogenic sources of Sb include copper-lead smelters; coal combustion 

and car exhaust fumes (Reimann and de Caritat, 1998). With its low natural 

abundance, it can be a useful indicator of industrial contamination in regional 

geochemical surveys.

arsenic
Arsenic (As) has an approximate atomic mass of 75, three main oxidation states 

of (-3, +3 and +5) and one naturally occurring isotope, 75As. It is a chalcophile 

element forming several minerals including arsenopyrite (FeSAs), but is more 

widely present as an accessory element in other sulphide minerals such as pyrite, 

galena and sphalerite. It may be subject to limited incorporation into primary 

rock-forming minerals through the replacement of Fe3+ or Al3+ by As3+ in silicate 

matrices. Substitution of P5+ by As5+ may also promote enrichment in phosphates 

such as apatite (Tremearne and Jacob, 1941).

Arsenic shows no preferential concentration in acid or basic igneous lithologies, 

but displays a marked tendency for enrichment in areas of hydrothermal activity. 

Intense As anomalies are a common characteristic of epithermal ore deposits 

(often with enhanced Bi, Sb and Se), rendering the element valuable as a pathfinder 

for Au, Ag and PGEs (e.g. Boyle, 1979; Dunn, 1989; Plant et al., 1989).

In sedimentary rocks, the concentration of As is strongly controlled by grain 

size, showing a distinct bias towards clays. The average As concentration in 

shales (13 mg/kg) is an order of magnitude greater than that of sandstones and 

carbonates (Wedepohl, 1978). The element is strongly sorped by hydrous oxides 

of iron and manganese, inducing very high levels in ferromanganese nodules and 

related diagenetic manganiferous deposits. Highest sedimentary concentrations 

(20–200 mg/kg) are typically found in phosphatic rocks and organic-rich shales 

(Tremearne and Jacob, 1941).

The elemental mobility of As in the environment is normally low. During 

weathering and reduction it is released from arsenopyrite and other sulphides, 

but in acidic conditions it is then immobilised into compound form (Grosser et al., 

1994). Arsenic is strongly adsorbed onto the surface of hydrous iron oxides in 

a low pH environment (Odor et al., 1998). Manganese oxides may also have a 

role in adsorbing As, although iron oxides dominate the process (Widerlund and 

Ingri, 1995); in some circumstances it may be sorped onto clays and organics. 

Consequently, dissolved concentrations of As rarely exceed a few mg/l except 

in the most contaminated surface waters. In the absence of iron and manganese 

oxides in stream sediments however, for example in limestone areas, As may 

remain in solution and have much greater mobility.

Arsenic is essential for some organisms, for example, humans (12–25 µg/day 

is needed) but is also toxic at higher levels, the degree of toxicity also depending 

on its valency and speciation (As5+ compounds are less toxic than As3+). Chronic 

exposure to high As levels often produces skin pigmentation and lesions, and 

increases the risk of cancer (WHO, 1996). Anthropogenic sources of arsenic 

include coal combustion, sulphide ore roasting and smelting, and pig and poultry 

sewage (Reimann and de Caritat, 1998).

barium
Barium (Ba) has an approximate atomic mass of 137, one oxidation state of +2 

and seven naturally occurring stable isotopes, of which 138Ba has 72% of the 

total mass. It is a lithophile metallic element forming several minerals including 

baryte (BaSO4).

Barium does not form its own discrete mineral phases during igneous 

processes, but occurs mostly in K-feldspars and micas through the substitution 

of K+ by Ba2+, both of which have ionic radii of ca 1.45 Å (Wedepohl, 1978). The Ba2+ 

ion may also substitute for Ca2+ in plagioclase, pyroxenes and amphiboles and in 

the non-silicates apatite and calcite. Under most circumstances, the Ba content 

of igneous rocks varies directly with Si (Ure and Berrow, 1982), although very 

low concentrations (<200 mg/kg) have been reported in highly evolved granites 

(Plant et al., 1980). The principal Ba mineral, baryte, is a common constituent of 

metalliferous mineral deposits.

Barium is thought to be immobile during prograde metamorphism, but may 

be subject to concentration in shear zones during post-greenschist retrogression 

(Drury, 1974).

In sedimentary rocks, the concentration of Ba largely reflects the abundance 

of K-feldspars, clay minerals and hydrous iron and manganese oxides (onto 

which the element may be adsorbed; Wedepohl, 1978). The mean Ba content 

of sedimentary rocks has been quoted as 538 mg/kg, with the lowest values 

generally in carbonate rocks (~90 mg/kg) and the highest (>600 mg/kg) in shales 

(Ure and Berrow, 1982).

Detrital feldspars, micas and, to a lesser extent, baryte are the principal 

carriers of Ba in stream sediments (Ure and Berrow, 1982). Liberation from these 
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minerals is generally slow, though biotite has been reported to release Ba relatively 

rapidly under conditions of high Eh and low pH (Boettcher, 1966). The dispersal 

of Ba in surface waters is regulated by the presence of hydrous manganese and 

iron oxides, which offer adsorption sites for Ba2+. Coprecipitation of Ba with Mn to 

form authigenic psilomelane may also occur (e.g. Burns and Burns, 1977). Such 

processes can produce intense Ba anomalies in oxic localities which receive 

drainage from acid, anoxic sub-surface terrain. In less acid environments, Ba 

may also be removed from solution by sorption to clay minerals and organic 

matter (Wedepohl, 1978).

The soluble salts of barium i.e. BaCl2 are now recognised to be toxic in 

mammalian systems. They are absorbed rapidly from the gastrointestinal tract 

and are deposited in the muscles, lungs, and bone. High doses affect the nervous 

system eventually leading to paralysis (The Risk Assessment Information System, 

2007). These salts have been used as rat poisons. Other commercial uses of Ba 

that may provide an anthropogenic input to the environment include ceramics.

bicarbonate
The principal source of the bicarbonate ion HCO3

- in surface and ground water 

is the carbon dioxide (CO2) present in the atmosphere and in the soil above the 

water table. The CO2 content of the atmosphere is nearly 0.03% by volume, but 

the soil atmosphere can be significantly enriched in CO2 derived from respiration 

by plants and soil organisms and from the oxidation of organic matter. Dissolved 

CO2 becomes hydrated to form carbonic acid (H2CO3), which then undergoes 

two stages of dissociation.

The presence of CO2 in solution enables percolating water to dissolve calcite 

and other carbonate minerals from rocks and soils, thus adding to the total 

HCO3
- in solution.

The titration used to estimate HCO3
- concentration measures total alkalinity, 

or acid neutralising capacity. The three carbonate species (H2CO3, HCO3
- and 

CO3
2-) all contribute to total alkalinity, their relative proportions being dependent 

on pH and temperature. At near-neutral values of pH, dissolved bicarbonate ions 

(HCO3
-) exert the predominant control on total alkalinity; a significant contribution 

from CO3
2- and other anions emerges only at pH levels greater than 9.0. In more 

acidic streams, as pH values are closer to the titration end-point (pH 4.5), a greater 

proportion of dissolved CO2 is present as H2CO3, resulting in lower HCO3
- values. 

Carbon-dioxide species are important participants in reactions that control the 

pH of natural waters. Reactions between the three carbonate species and the 

pH-related species (H+ and OH-) are relatively fast. However, rates of reaction 

between solutes in stream water and gaseous CO2 in the atmosphere are slower 

and may not maintain equilibrium at all times. When soil water enters streams, 

excess free CO2 is gradually released to the atmosphere. Low-order streams are 

thus likely to have greater dissolved CO2 concentrations than high-order streams. 

In agricultural areas, limestone or slaked lime applied to fields to increase soil pH 

will also contribute to the HCO3
- levels in stream waters.

Determination of HCO3
- by titration may give erroneous results in some 

acid streams, particularly those with a high loading of humic organics, colloidal 

secondary iron oxides and weak acids produced by dissolved Si or Al species.

boron
Boron (B) has an approximate atomic mass of 11, it forms strongly covalent bonds, 

making anions with oxygen and has two naturally occurring isotopes, 10B, and 
11B, of which 11B has 80% of the total mass.

During magmatic processes, B forms stable oxy-complexes such as 

(BO4)
5- which are incompatible with common silicate structures. Consequently, 

it accumulates in late-stage crystallisation products and is slightly enriched in 

acid rocks relative to other igneous lithologies (Ure and Berrow, 1982). Tourmaline 

(2.8–3.6% B) is the principal B-carrier, although whole-rock B content is also 

influenced by the abundance of phyllosilicates (Wedepohl, 1978).

Remobilisation of B has been reported during hydrothermal alteration and 

high-grade metamorphism (Reynolds, 1965). Granulite and amphibolite facies 

rocks retain only small amounts of B, principally in resistate minerals such as 

tourmaline and mica.

In sedimentary rocks, the highest B levels (~120 mg/kg) are typically recorded 

in argillaceous facies. Extremely high values (~9000 mg/kg) have been recorded 

in coal ash (Ure and Berrow, 1982) indicating a propensity for enrichment in 

organic matter. Climatic conditions have a significant influence on the distribution 

of B, hydrated borate minerals accumulating most rapidly in arid, closed-basin 

environments (Ure and Berrow, 1982). Because of the solubility of boric acid, ocean 

waters contain high concentrations of B. Marine sediments are consequently 

enriched in B relative to lacustrine and fluvial sediments.

Boron may be released into stream waters through the weathering of minerals 

such as tourmaline, alkali feldspars, micas and borate minerals, the first of which 

dissolves only slowly. In solution, B occurs as the B(OH)4- ion, as undissociated 

B(OH)3 (boric acid) and as a range of intermediate polymeric complexes which 

vary in accordance with ambient pH conditions. Boron is removed from solution 

primarily through incorporation into illite (either by entry into the crystal lattice 

or by sorption). Adsorption to organic matter and hydrous oxides of iron and 

aluminium also occurs.

Boron is an essential micronutrient that affects plant growth at either deficient 

or toxic concentrations in soil. There is little information on the health effects of 

long-term exposure to B but acute exposure to large amounts may harm the 

stomach, intestines, liver, kidney, and brain (Agency for Toxic Substances and 

Disease Registry, 2007.). Borates are used mostly to produce glass; they are 

also used in fire retardants, leather tanning industries, cosmetics, photographic 

materials, soaps and cleaners, and for high-energy fuel. Some pesticides used 

for cockroach control and some wood preservatives also contain borates.

Cadmium
Cadmium (Cd) has an approximate atomic mass of 112 and has one main 

oxidation state of +2 and eight naturally occurring stable isotopes. It is a low-

abundance chalcophile element forming several minerals including greenockite 

(CdS) (Reimann and de Caritat, 1998), but is most commonly found in trace 

amounts in other sulphides, especially sphalerite where it substitutes for zinc, 

and also rock-forming silicates such as biotite and amphiboles. Anomalously 

high concentrations of Cd have been observed in organic rich matrices such as 

black shales and coals.

Cadmium is very soluble and mobile at low pH values and can substitute for 

Ca and Mn. Cadmium compounds in stream sediments are easily re-dissolved 

during sediment disturbance, for example, flooding. The majority of Cd in stream 

sediments is normally held in a carbonate fraction, with smaller proportions in 

iron-manganese oxides, bound to clays, and organics (Curtis and Walker, 1994). 

Excess Mg and Ca added to streams can inhibit the release of many metals from 

sediments, such as Fe, but it may increase the soluble Cd content, due to the 

competition for adsorption sites on clays by cations (Curtis and Walker, 1994). In 

comparison with Pb and Zn there is little uptake of Cd2+ onto amorphous Fe(OH)3 

below pH 6.0 (O’Day et al., 1998), sorption by clays being more important.

Cadmium is biologically non-essential, and is toxic to humans through 

inhalation of dust causing lung damage, and may cause cancer from long-term 

exposure. The maximum tolerable intake of Cd is regarded as 7 µg/kg of body 

weight (WHO, 1996). Plants can accumulate Cd via their roots, and fungi such 

as mushrooms, and plants such as spinach and wheat may also concentrate 

Cd. Anthropogenic sources of Cd include Zn and Cu smelters, electroplating, 

fertilizers and sewage sludge.

Calcium
Calcium (Ca) has an approximate atomic mass of 40, one main oxidation state 

(+2) and six naturally occurring isotopes, 40Ca accounts for 97% of the total 

mass. It is an very abundant lithophile element forming several common minerals 

including calcite (CaCO3), gypsum (CaSO4.2H2O), and fluorite (CaF2). It forms a 

major component of primary rock-forming minerals such as feldspars, amphiboles 

and pyroxenes, and is widely enriched in basic and ultrabasic rocks (particularly in 

plagioclase-phyric varieties). Ca is also often associated with clay minerals such 

as illite, chlorite and Ca-montmorillonite (Zupancic and Pirc, 1999).

Calcium is generally unaffected by medium and high-grade metamorphism, but 

may be mobilised, with the formation of secondary Ca minerals such as dolomite, 

calcite and garnet, during low-temperature alteration (Wedepohl, 1978).

Carbonate sediments (principally limestone and dolomite) form an important 

sink in the global geochemical cycle of Ca. In most sedimentary rocks, Ca 

concentrations reflect the abundance of calcite or dolomite, but the sulphate 

minerals gypsum and anhydrite are important carriers in certain lithologies. In 

some detrital sediments plagioclase is the principal host.

Calcium is mobilised through the weathering of primary minerals such as 

plagioclase feldspars, pyroxenes, amphiboles, epidote and, to a lesser extent, 

sedimentary carbonates and sulphates; the Ca2+ ion being soluble even in the 

presence of CO3
2- below pH 7. Calcium is often partially replaced by Sr in the 

calcite crystal lattice, and by Mn in the process of dolomitisation. Calcite can be 

incorporated into biogenic matter, e.g. as shell or bone, and is released as Ca2+ 

at low pH values.

Calcium is an essential nutrient element for plants and animals, for the 

development of bone, nervous system and cells. Anthropogenic sources of Ca 

include lime and cement factories, fertilisers and dust. Geogenic sources are 

typically more important than anthropogenic ones in the environment (Reimann 

and de Caritat, 1998).

Chloride
Chlorine is an abundant halogen element, atomic number 17, mass 35.5 with 

two stable isotopes, 35Cl and the less abundant 37Cl. It is a non-metal, and the 

chloride ion (Cl-) is the only significant form of chlorine in natural waters. The 
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geochemical behaviour of Cl- is described as conservative; its circulation through 

the hydrological cycle is determined by physical rather than chemical processes. 

It is not strongly adsorbed to mineral surfaces; it does not enter into oxidation 

or reduction reactions; it does not form complexes, unless its concentration is 

extremely high; and it does not form any common low-solubility salts.

More than 75% of the chlorine in the earth’s rocks, atmosphere and 

hydrosphere occurs in the ocean as Cl- ions. The concentration of Cl in most 

rock types is lower than that of other major components of natural water (Drever, 

1997); most igneous rocks contain 100–200 mg/kg, dolomite 660 mg/kg, other 

sedimentary rocks 20–130 mg/kg, and most metamorphic rocks 200–350 mg/kg. 

The Cl-bearing minerals of igneous rocks include sodalite and the phosphate 

mineral apatite. Chloride can substitute for hydroxide in common rock-forming 

minerals such as biotite, but concentrations are generally very low and most rocks 

release very little Cl- into circulating waters. Chloride can occur in the cement 

of some sedimentary rocks, as a consequence of the trapping of connate brine. 

Because of its high concentrations in sea water, Cl- may be enriched in marine-

derived superficial deposits. In areas where there is very little Cl- derived from 

bedrock and overburden, the most significant sources of Cl- in stream waters 

are rain and marine aerosols.

The concentration of Cl- in surface and ground water can be influenced by 

human activities such as the application of salt for the de-icing of roads, leaching 

from landfill sites, discharges from sewage treatment works, and the intrusion of 

saline water following the pumping of freshwater from coastal aquifers.

Ionic chloride (Cl-) is essential for all organisms, although excesses can be 

damaging to both plants and animals. The WHO guideline value for the maximum 

concentration of Cl- in drinking water is 250 mg/l.

Chromium
Chromium (Cr) has an approximate atomic mass of 52, two main oxidation states 

of (+3 and +6) and four naturally occurring stable isotopes, of which 53Cr has 

84% of the total mass. It is a lithophile metallic element forming several minerals 

including chromite (FeCr2O4 ).

The Cr3+ ion is highly sensitive to magmatic fractionation and is partitioned into 

spinels and pyroxenes during the earliest stages of crystallisation thus it becomes 

enriched in ultrabasic rocks (1000–3000 mg/kg), often in close association with 

Mg, Ni, Co and V. The principal Cr ore mineral, chromite (FeCr2O4), is generally 

exploited from ultrabasic rocks. However, it is also a major carrier of Cr in 

some basaltic magmas (e.g. Wedepohl, 1978). Olivines are generally poor in 

Cr, but pyroxenes, amphiboles and micas can be relatively enriched (Ure and 

Berrow, 1982).

Chromium is immobile during granulite, amphibolite and greenschist 

facies metamorphism (Field and Elliot, 1974), but there is evidence that it 

accumulates in hornblende during granulite-amphibolite retrogression (Beach 

and Tarney, 1978).

In sedimentary rocks, Cr resides primarily in resistate detrital phases such 

as chromite, magnetite and ilmenite. During weathering, the behaviour of Cr3+ 

resembles that of Fe3+ and Al3+, with marked accumulation in clays. The average 

concentration of Cr in shales is reported as 83 mg/kg (Wedepohl, 1978). Lower 

values typify sandstones (2–27 mg/kg) and carbonates (1–16 mg/kg).

The environmental mobility of Cr is normally low, especially under moderately 

oxidising and reducing conditions and near-neutral pH values. Cationic Cr3+ is 

the main form of chromium in the surface stream environment, though it is rarely 

present as the free hydrated ion. The chromate ion CrO4
2-, rarely occurs except in 

industrial waste waters, and is reduced naturally to Cr3+ in stream sediments over 

time (Whalley et al., 1999). The Cr3+ ion readily substitutes for Fe3+ in minerals, 

and co-precipitates as insoluble Cr(OH)3 with Fe(OH)3 at moderate to high pH 

values. Organic matter reduces chromium (VI) and binds to the Cr3+ produced, 

making it stable (McBride, 1994).

Chromium has varying toxicity depending on its oxidation state and speciation 

in the environment. Soluble Cr3+ is considered relatively harmless at levels normally 

encountered, but Cr6+ is highly toxic and a carcinogen. However, chromium is 

needed by the human body in small amounts for insulin action and metabolism 

of proteins and carbohydrates. Anthropogenic sources of Cr include copper 

smelting, metal electroplating, tanning, the chemical industry, engineering and 

waste incineration (Reimann and de Caritat, 1998).

Copper
Copper (Cu) has an approximate atomic mass of 63.5 and has two main oxidation 

states (+2 and +1) and two naturally occurring stable isotopes, 63Cu, and 65Cu. It 

is a chalcophile element forming several minerals including chalcopyrite (CuFeS2), 

covellite (CuS), and malachite (Cu2CO3(OH)2).

During magmatic processes, the ion Cu+ is primarily concentrated in early 

differentiates. It is not readily incorporated into silicates, but is partitioned into 

either sulphides or oxides, depending on the ambient fugacity of sulphur and 

oxygen (Curtis, 1964; Helgeson, 1969). Chalcopyrite is a common accessory and 

primary Cu carrier in basic igneous rocks. Basalts and gabbros (40–60 mg/kg) 

and ultrabasic rocks (40 mg/kg) typically contain more Cu than intermediate 

(~20 mg/kg) and granitic (~12 mg/kg) rocks (Wedepohl, 1978).

Copper may be redistributed during low-grade metamorphism and 

metasomatism (Senior and Leake, 1978). Its mobility is more restricted at higher 

metamorphic grades (Nicollet and Andriambololona, 1980).

In unmineralised sediments, Cu concentrations are principally determined by 

basic detritus, secondary iron and manganese oxides, clay minerals and organic 

matter (Stevenson and Ardakani, 1972; Williams, 1992). Fine-grained clastic 

rocks (particularly black shales) are typically enriched in Cu (~50 mg/kg) relative 

to quartzo-feldspathic and carbonate sediments (5–15 mg/kg).

Copper is mobile under oxidising, acidic conditions. However, Cu has a strong 

binding affinity for organic matter such as humic acid and this is important in 

controlling speciation; once buried, and reducing conditions are established, the 

Cu is rapidly converted to sulphides, for example, chalcopyrite (Parkman et al., 

1996). Copper is particularly stable in solution at pH values of 5.0–6.0. Copper, 

along with silver and lead, is often bound to the coarser sediment fraction, but Cu 

being more soluble is often transported further downstream (Lottermoser et al., 

1999). At low pH values Cu and Zn are preferentially adsorbed, in contrast to Pb 

and Ag; at higher pH values, co-precipitation of Cu and Zn occur in the presence 

of iron hydrous oxides (Lottermoser et al., 1999). Diagenetic covellite has been 

observed in many anoxic sediments and may account for the immobilisation 

of small amounts of Cu in organic-rich substrates (Carignan and Nriagu, 1985; 

Williams, 1992).

Copper is an essential trace element for all organisms; humans can tolerate 

very high levels of Cu (up to 12 mg/day: - WHO, 1996), unlike cattle and sheep 

which are vulnerable to poisoning. However, Cu can be toxic at extremely high 

levels, for example, poisoning of small children from drinking water has been 

reported. (Reimann and de Caritat, 1998). Anthropogenic sources of Cu include Cu 

mining and smelting, agriculture, sewage sludge, engineering and steel works.

fluoride
Fluorine is the lightest member of the halogen group of elements which also 

includes chlorine, bromine and iodine. It has an approximate atomic mass of 19, 

and only the one stable isotope, 19F. The sources of F from catchment lithologies 

are expected to be abundant, with F being present in trace quantities in a wide 

variety of geological materials, due to the F- ion substituting for the isoelectronic 

hydroxyl (OH-) group. Sources of fluoride include the mineral fluorite (CaF2), which 

occurs in both igneous and sedimentary rocks, apatite (Ca5(PO4)3(Cl,F,OH)), and 

the common rock-forming minerals amphiboles and micas. Fluorine contents in 

acid igneous rocks (especially evolved granites and related pegmatities) are higher 

than in basic rocks, while levels are also higher in shales than in sandstones or 

non-mineralised limestones.

Fluorine is released as the fluoride (F-) ion during weathering, and 

concentrations in natural waters are generally less than 1 mg/l. The chemical 

behaviour of F- in natural water differs from that of the other halogen elements; 

it is not a ‘conservative’ element like Cl--, and although it is biologically active, 

does not show the affinity for humic materials shown by Br and I. Fluoride 

aqueous speciation may be as the free ion (F--), and also associated with strong 

complexes, such as with Ca2+, Al3+, Fe3+ and PO4
3-. The rock forming minerals, 

fluorite (CaF2), apatite, amphiboles and micas are all potential sources of F, and 

detrital minerals in sedimentary rocks generally contain sufficient F to release 

detectable F- into solution. The solubility of fluorite is very low, and is expected 

to moderate F concentrations in Ca-bearing waters. Contaminant sources of F 

may arise from general industrial processes, sewage processing and phosphatic 

fertiliser application to land.

Fluoride concentrations in rainfall are generally low (<50 µg/l), although levels 

can be higher where atmospheric deposition of F- is enhanced by sources of 

industrial pollution, notably from aluminium smelting, brick-making (Debackere 

and Delbeke, 1978) and fertiliser production (Whalley, 1976). Fluorine is an 

essential micronutrient for mammals, serving to strengthen the apatite matrix 

of skeletal tissues and teeth. The optimum range of F- in drinking water is quite 

narrow, centred on 1 mg/l. Levels below 0.5 mg/l may lower dental health, while 

levels much above 5 mg/l may induce skeletal disorders.

gold
Gold (Au) has atomic mass of 197 and just one stable isotope, 197Au. The 

geochemistry of Au is dominated by the great stability of the free metal and 

its resistance to chemical weathering (Brookins, 1988). Gold does form some 

natural minerals, especially with Ag and Te, such as sylvanite ((Ag,Au)Te4) but is 

more often present as the native metal. However, Au does possess a soluble-

phase geochemistry in which the +1 redox state is dominant, forming anionic 

complexes with chloride Cl- and possibly bisulphide (HS-) under conditions which 
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are very rare in the surface environment (hot, acid, oxidising brines, for example) 

but more common in mineralising fluids. With the high demand and consequent 

high cost of the metal, Au mineralisation is always an active field for exploration 

and research, and is well summarised in Foster (1982, 1996).

The surface environmental chemistry of Au, however, is still imperfectly 

understood. The determination of dissolved Au in stream water is difficult even 

with the latest sensitive ICP-MS instrumentation due to the very low natural 

abundance of the metal (typically 0.0002 mg/kg in upper continental crustal rocks) 

such that the mobility of Au in the aqueous environment is difficult to assess. It 

should probably be assumed Au is essentially non-mobile under aqueous surface 

conditions in the absence of other information. Gold detected in stream sediments 

or soils being typically the result of erosion, physical movement and dispersion 

from bedrock sources of metallic gold.

Gold is considered to be biochemically non-essential, but some gold 

compounds, especially those of Au3+ are known to be toxic to plants and animals. 

This biological activity is the source of a range of Au-based drugs which are used 

in the treatment of arthritis, for example (Frausto da Silva and Williams, 1991).

Iron
Iron (Fe), approximate atomic mass 56, has two main oxidation states (+2 and +3) 

and four naturally occurring isotopes, of which 56Fe comprises 91% of the mass. 

It is an abundant element with both lithophile and chalcophile properties forming 

several common minerals including pyrite (FeS2), magnetite (Fe3O4), haematite 

(Fe2O3), and siderite (FeCO3).

Iron is a major constituent of ferromagnesian silicates (such as olivines, 

pyroxenes, amphiboles and biotite) and is abundant in many oxides and sulphides. 

During magmatic processes it becomes concentrated in mid-stage fractionates 

and is generally enriched in basic rocks relative to acid, intermediate or ultrabasic 

lithologies.

Iron is immobile at medium and high metamorphic grades in basic rocks 

(Nicollet and Andriambololona, 1980). However, Sheraton et al. (1973) and Beach 

and Tarney (1978) report almost constant Fe/Mg ratios for late Laxfordian gneisses 

in north-west Scotland, suggesting that Fe may be lost during retrogression.

The abundance of Fe in sedimentary rocks is determined by various factors 

including provenance, granulometry, sedimentary redox conditions and diagenetic 

history. In many instances, secondary oxide coatings and cements are the 

predominant Fe phases, with primary oxides (e.g. magnetite), ferromagnesian 

silicates (amphiboles, pyroxenes etc.) and sulphides (e.g. pyrrhotite) of lesser 

importance. Authigenic pyrite (FeS2) and siderite (FeCO3) may also occur in 

fine-grained facies (e.g. Berner, 1970; 1981). On account of the tendency for 

hydrous iron phases to form surface oxide coatings on pre-existing minerals, 

a direct relationship often emerges between total Fe content and the specific 

surface areas of sedimentary particles (Ure and Berrow, 1982). Clays, shales 

and greywackes (>6% Fe) are generally enriched relative to arkoses (~3% Fe), 

quartzo-feldspathic sandstones (~0.5% Fe) and carbonates (~0.5% Fe).

Iron has relatively low mobility under most environmental conditions, due to 

the very low solubility of the iron (III) hydroxide in its various forms. Iron is strongly 

affected by redox conditions, becoming mobilised under anoxic conditions 

(Hylander et al., 2000) as reduction gives mobile Fe2+ ions. The Fe2+ ion results in 

very high dissolved Fe loadings in streams draining peatlands or other acid and 

reducing terrains. These may become immobilised again with the formation of 

pyrite (FeS2). However, in organic-rich water, dissolved iron and oxygen may both 

be present (Lepp, 1975). With increasing oxidation, at low pH values (between 2.8 

and 4.5), schwertmannite and trace amounts of goethite are precipitated from 

acidic sulphate waters, and at pH values of 6.5 or above, ferrihydrite and goethite 

are precipitated from water (Bigham et al., 1996). Secondary iron coatings exert a 

major control on the surface environment geochemistry of Ba, Mo, As and the first 

row transition metals, all of which are subject to sorption to (and coprecipitation 

with) hydrous iron oxides (e.g. Williams, 1991, 1992).

Iron is an essential nutrient for plants and animals (between 10–18 mg/ day is 

needed for adults (Mertz, 1987)), and is involved in the production of haemoglobin 

in red blood cells (WHO, 1996). High intakes of Co, Zn, Cu and Mn interfere with 

Fe absorption in the human body, which can lead to anaemia (Mertz, 1987). 

Anthropogenic sources of iron include the iron and steel industry, sewage and 

iron-mining dust (Reimann and Caritat, 1998).

lead
Lead (Pb) has an approximate atomic mass of 207, and has two main oxidation 

states (+2 and +4) and four naturally occurring stable isotopes, 204Pb, 206Pb, 
207Pb and 208Pb. It is a chalcophile metallic element forming several important 

minerals including galena (PbS), anglesite (PbSO4), cerussite (PbCO3) and 

minium (Pb3O4).

The Pb2+ ion is intermediate in size between K+ and Ca2+. It may thus replace 

these cations in K-feldspars, micas and, to a lesser extent, plagioclase and 

apatite, promoting enrichment of Pb in acid relative to basic igneous rocks. 

Lead is mobile in late-stage magmatic processes (MacDonald et al., 1973) and 

is strongly chalcophile. It may be lost during low-grade metamorphism (Gebauer 

and Grunenfelder, 1977), and depletion is also reported in granulites (Sighinolfi 

and Gorgoni, 1978).

The distribution of Pb in sedimentary rocks is controlled by primary carriers 

(such as feldspars, micas and sulphides), clay minerals (Heinrichs, 1974) and 

organic matter. Pure limestones (~5 mg/kg) and sandstones (~10 mg/kg) are 

typically depleted relative to shales (~23 mg/kg). Highest concentrations occur in 

black shales, reflecting a strong affinity for organic matter (Wedepohl, 1978).

The principal Pb carriers in stream sediments are typically K-feldspars, micas 

and, to a lesser extent, plagioclase feldspars and iron-magnesium silicates. 

Close to hydrothermal mineralisation, Pb sulphides such as galena may also 

be present. The mobility of Pb in the environment is limited mainly by the low 

solubility of its sulphide, sulphate and carbonate compounds, and also by the 

strong affinity of lead for sorption by secondary iron and manganese oxides and 

(to a lesser extent) by organic matter. Sulphides such as galena may be oxidised 

to sulphate at high Eh but the sulphate produced is itself highly insoluble and may 

form a protective crust on the galena grains. Below pH 5.2 it becomes mobile 

in non-calcareous soils, but is adsorbed preferentially before Cu and Zn on iron 

oxides (O’Day et al., 1998) and therefore does not migrate readily to groundwater 

(Martinez and Motto, 2000).

Lead is biologically non-essential and is well known for its toxic properties. It 

can cause mental impairment in young children, neuropathy and hypertension in 

adults and may be lethal at high levels (over 25 µg/kg of body weight - WHO, 1996). 

Anthropogenic sources of lead include aerosols from car exhausts in the past old 

lead-based paints, pottery glazes, steel works, sewage sludge and smelting.

Magnesium
Magnesium (Mg) has an approximate atomic mass of 24, one main oxidation 

state of (+2) and three naturally occurring isotopes, of which 24Mg has 79% of the 

total mass. It is an abundant lithophile metallic element forming several important 

minerals including magnesite (MgCO3), dolomite (CaMg(CO3)2) pyrope garnet 

(Mg2Al2(SiO4)3), and kieserite (MgSO4.H2O).

During magmatic processes Mg is concentrated into early fractionates and 

forms a major constituent of rock-forming minerals such as olivine and pyroxenes. 

Accordingly, basic (~4.5%) and ultrabasic (~6%) rocks are markedly richer in MgO 

than acid igneous rocks (<1%).

The distribution of Mg is generally unaffected by medium to high-grade 

metamorphism, but the element may be mobilised during greenschist-facies 

alteration and contact metamorphism of calcareous lithologies, with the formation 

of dolomite, Mg-calcite, magnesite, periclase and talc (Wedepohl, 1978).

In sedimentary rocks, Mg resides in minerals such as dolomite, chlorite 

and glauconite. It is a common constituent of arenaceous sediments, but its 

concentration is typically greatest in argillaceous rocks (Usdowski, 1978) and 

dolomites.

Most detrital Mg in stream sediments is held in ferromagnesian silicates 

(olivine, pyroxenes and amphiboles), most of which break down relatively rapidly 

during weathering (Wedepohl, 1978). As many Mg compounds are very soluble, 

magnesium displays high mobility after its release by weathering, under all 

environmental conditions. It is enriched in sea water where it is the second most 

common cation after sodium, and is typically high in marine sediments and 

marine-derived superficial deposits. Drainage from limestone areas and mines 

may also be rich in dissolved Mg due to dissolution of dolomite and ankerite 

(an iron-rich dolomite). Like Ca, the dissolved loading of Mg in stream waters is 

regulated by processes of cation exchange at clay-mineral surfaces and direct 

uptake by active organic matter (Ure and Berrow, 1982).

Magnesium is essential for all organisms, and is non-toxic under normal 

circumstances. Deficiencies of Mg are much more common than toxicity 

problems. Magnesium in plants is essential for photosynthesis, where it forms 

the active site in the chlorophyll enzyme molecule. Anthropogenic sources of Mg 

include fertilizers and liming (Reimann and de Caritat, 1998).

Manganese
Manganese (Mn) has an approximate atomic mass of 55 and has several oxidation 

states (+2, +3, +4, +6 and +7) and one naturally occurring isotope, 55Mn. It is a 

common lithophile element forming several minerals including pyrolusite (MnO2), 

rhodocrosite (MnCO3), manganite (MnO(OH)) and other less well-characterised 

oxides.

During magmatic processes (at low O2 fugacity) Mn occurs in a divalent state 

which readily substitutes for Fe2+ and Mg2+ (Ure and Berrow, 1982). It is thus 

partitioned into iron-magnesium silicates and iron-titanium oxides, becoming 

strongly enriched in basic (~1300 mg/kg) and ultrabasic (1000 mg/kg) rocks 

relative to acid igneous lithologies (~350 mg/kg).
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Manganese is immobile during prograde regional and contact metamorphism 

(Wedepohl, 1978; Nicollet and Andriambololona, 1980), but may be redistributed 

during granulite-amphibolite facies retrogression (Tobschall, 1971; Beach and 

Tarney, 1978). Remobilisation of Mn may also be induced by hydrothermal and 

regional metasomatic activity (Senior and Leake, 1978).

The Mn content of sedimentary rocks is controlled by the geochemistry of the 

source rock and the redox conditions of the depositional environment (Wedepohl, 

1978). Manganese occurs in detrital phases (such as magnetite and ilmenite), but 

the largest fraction is generally held in secondary oxides. Shales and greywackes 

are generally enriched in Mn (~700 mg/kg) relative to coarser quartzitic sandstones 

and grits (~170 mg/kg). Further enrichment of certain fine-grained sediments may 

occur through the diagenetic formation of ferromanganese nodules (e.g. Jenkyns, 

1977, Williams and Owen, 1990; 1992). Carbonate rocks (particularly dolomites) 

also hold Mn at high concentrations (mean 550 mg/kg).

Although the Mn2+(aq) ion is readily soluble, manganese has generally low 

mobility in the environment, especially under oxidising conditions, as the Mn3+ 

and especially Mn4+ ions form insoluble hydrous oxides. Thus it chemically 

behaves somewhat similarly to Fe. Around mine sites, or in peaty areas with 

impeded drainage, the prevalence of such conditions results in stream waters 

with dissolved Mn occasionally exceeding 100 mg/l. Subsequent re-precipitation 

occurs rapidly following transport (in stream waters or interstitial pore waters) 

to an oxidising environment. Manganese hydrous oxides themselves adsorb 

heavy metals such as As, Ba, Pb, Co, Cu and Zn from solution (Williams, 1992; 

(Hylander et al., 2000) and also bind with organic matter; however, Mn can 

also adsorb to silicates and other minerals (Varentsov and Grasselly, 1978). It is 

greatly influenced by redox conditions and is easily mobilised as Mn2+ in anoxic 

conditions (Hylander et al., 2000). Manganese-oxidising bacteria can also control 

the precipitation and mobility of manganese in lake and bog sediments (Varentsov 

and Grasselly, 1978).

Manganese is biologically active and is an essential trace element for all 

organisms; Mn deficiency (less than 0.11 mg/ day for adults) is more common in 

humans than toxicity, causing impaired reproduction and growth. Anthropogenic 

sources of manganese include mining and smelting, engineering, traffic and 

agriculture. However, geogenic sources are considered more significant than 

anthropogenic ones. (Reimann and de Caritat, 1998).

Molybdenum  
Molybdenum (Mo) has an approximate atomic mass of 96, five main oxidation 

states (+2, +3, +4, +5 and +6) and seven naturally occurring stable isotopes. It is 

a chalcophile or siderophile metallic element forming several minerals including 

molybdenite (MoS2).

Molybdenum displays highly incompatible behaviour during magmatic 

fractionation and is only sparingly incorporated in major rock-forming silicates. 

It may substitute to a limited extent for Ti4+ and Fe3+ in accessory phases such 

as sphene and titanomagnetite, but is most readily partitioned into tungsten 

minerals (Ure and Berrow, 1982). It is more likely to be associated with ‘evolved’ 

granites than with other igneous rocks and frequently appears as molybdenite 

in pegmatites and porphyry-style Cu-Mo deposits. The average abundance of 

Mo in acid igneous rocks is 1.5 mg/kg (Vinogradov, 1962), of which some 80% 

may be associated with minute traces in feldspars and biotite. A mean Mo value 

of 1 mg/kg is reported for basic rocks (Krauskopf, 1982).

It is also incorporated into the common sulphides pyrite, galena and sphalerite 

(Ure and Berrow, 1982), particularly during metamorphism.

In sediments, Mo tends to follow Cu, both elements being prone to 

complexation by organic matter. Black shales are thus enriched (up to 70 mg/kg) 

relative to quartzo-feldspathic (0.5–2 mg/kg) and carbonate rocks (0.5–2 mg/kg) 

(Ure and Berrow, 1982). Molybdenum typically yields the highest enrichment factor 

displayed by any element in marine ferromanganese nodules, with an average 

abundance of 274 times mean crustal values (Cronan, 1976).

Molybdenum is mobile under oxidising, acidic, neutral or alkaline conditions. 

Molybdenite (MoS2) slowly oxidises under acidic weathering conditions to form 

ferrimolybdate or molybdenum-bearing iron hydroxides (Cook, 2000). Molybdenum 

and Cu are often associated, but it differs from Cu in that it is more mobile in 

alkaline conditions. It forms the soluble molybdate (MoO4
2- and HMoO4

-) anions, 

over a wide range of pH values, but MoS2 is stable and insoluble under reducing 

conditions, rendering Mo immobile where it forms (Brookins, 1988). Stream 

and lake sediments usually contain molybdenum derived from a hydromorphic 

source (Cook, 2000). It is then fixed by organic matter, and secondary iron and 

manganese-oxides. This is more common at low pH values (Cook, 2000).

Molybdenum is considered essential for all organisms (25 µg/day is needed by 

the human body (WHO, 1996)). However, it can be toxic at high levels especially 

to cattle and sheep. In plants, it has a role in nitrogen fixation. Molybdenum 

excess reduces the uptake of copper in the human body, and leads to skeletal 

deformities (WHO, 1996). Anthropogenic sources of molybdenum include 

molybdenum mining and smelting, oil refining, phosphate fertilizers and sewage 

sludge (Reimann and de Caritat, 1998).

nickel
Nickel (Ni) has an approximate atomic mass of 59, two common oxidation states 

of (+2, +3) and five naturally occurring isotopes, of which 58Ni is the most abundant 

at 68% of the total mass. It is a chalcophile or siderophile metallic element forming 

several minerals including pentlandite ((Fe, Ni)9S8), nickeline (NiAs) and ullmannite 

(NiSbS).

The Ni2+ ion is intermediate in size between Mg2+ and Fe2+. Incorporation of Ni 

into iron-magnesium rich phases is thus common during magmatic processes, 

with extensive partitioning into olivine (~3000 mg/kg), orthopyroxene and spinels 

during the early stages of fractionation. Ultrabasic and basic lithologies are Ni-rich 

(>150 mg/kg) relative to acid igneous rocks (<10 mg/kg), with abundances typically 

varying with elements such as Mg, Cr and Co. A strong association between Ni 

and Cu is common in some types of sulphide deposits (Wedepohl, 1978).

Nickel shows limited mobility during low-temperature hydrothermal processes. 

It is relatively immobile at all metamorphic grades (Eade and Fahrig, 1973) and 

during retrogressive metamorphism (Beach and Tarney, 1978).

In sedimentary rocks, Ni is mostly held in detrital iron-magnesium rich 

silicates, crystalline iron phases, hydrous iron and manganese oxides and clay 

minerals. It is strongly concentrated in shales (90 mg/kg) relative to greywackes 

(40 mg/kg), quartzitic sandstones (20 mg/kg) and limestones (<5 mg/kg). Nickel 

becomes strongly enriched in laterites and ferromanganese nodules (Ure and 

Berrow, 1982).

A large proportion of the Ni in stream sediments is held in detrital silicates 

and oxides. Nickel has a high mobility under acidic, oxidising conditions. Under 

reducing conditions Ni is incorporated into sulphides, lowering its mobility 

(Brookins, 1988; McBride, 1994). Nickel binds to organic matter containing 

nitrogen and sulphur, and may co-precipitate with manganese and iron oxides. 

Above pH 6.0, sorption of nickel onto oxides and silicates occurs (McBride, 

1994). The monosulphide millerite precipitates readily in reducing pore-water 

environments with sufficient dissolved HS- (Carignan and Nriagu, 1985).

Nickel is biologically active and is essential for some organisms (100 µg/day 

is needed for humans (WHO, 1996)). Most Ni2+ compounds are relatively non-

toxic, but other compounds are highly toxic. Nickel deficiency slows growth and 

inpairs iron uptake; toxicity leads to dermatitis and gastric irritation (WHO, 1996). 

Anthropogenic sources of nickel include fertilizers, steel works, metal plating and 

coinage, fuel combustion and detergents (Reimann and de Caritat, 1998).

nitrate
Nitrate (NO3

-) and other forms of inorganic and organic nitrogen in stream-water 

(Burt et al., 1992) represent a transfer from the land to the ocean in the global 

biogeochemical N cycle. Most of the N in the earth is stored in the primary rocks 

of the mantle (93.8%) and is thus generally excluded from this cycle (Stevenson, 

1972). However, recent studies have indicated that weathering of certain types 

of bedrock can release significant quantities of N, leading to elevated NO3
- 

concentrations in stream water (Holloway et al., 1998). The reservoirs which form 

part of the cycle include the atmosphere (6.2%), the hydrosphere (0.04%) and the 

biosphere (0.001%). The N content of living plants represents only 4% of total N 

in the biosphere, while 96% is stored in decaying soil organic matter.

Organic N decomposes in the soil to form inorganic ammonium (NH4
+) 

which is subsequently oxidised to NO3
-. Nitrate is not strongly absorbed in the 

soil profile, so any nitrate in excess of plant requirement is readily leached into 

groundwater and subsequently enters stream-water or, on impermeable bedrock, 

sub-surface runoff. However, N is generally retained within natural and semi-

natural ecosystems because availability to plants is one of the key elements 

limiting plant growth.

In recent years human activity has become increasingly significant in the 

terrestrial N cycle. Both wet and dry forms of N deposition to vegetation have 

increased due to the application of agricultural fertilisers, the burning of fossil fuels 

and the emission of exhaust fumes from vehicles. Atmospheric deposition of N 

is significantly greater in upland compared to lowland areas (Campbell and Lee, 

1995). The application of fertilisers to agricultural land has led to an increase in 

NO3
- concentrations in stream waters. Point sources of pollution, such as silage 

and liquid runoff from stored manure, and non-point sources in agricultural runoff, 

form a significant component of total dissolved N.

Nitrate typically constitutes between 60 and 95% of total dissolved nitrogen 

in stream waters, except under anoxic conditions when NH4
+ predominates. 

The factors which determine the speciation of N include pH, temperature and 

oxygen availability. As N is closely linked to biological cycles, stream-water NO3
- 

concentrations typically show seasonal trends, with peak concentrations over the 

winter months following soil-water recharge during the autumn which stimulates 

the decomposition of organic matter.
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Elevated NO3
- concentrations can cause a (sometimes fatal) blood disorder 

called methemoglobinemia (Bouchard et al., 1992) in infants under the age of six 

months; nitrate itself is not toxic, but its precursor, nitrite (NO2
-), which is produced 

through microbial reduction of nitrate in the intestine or in food preparation, 

may cause methemoglobinemia. Consumption of water with elevated NO3
- 

levels has no apparent short-term effects on adults. The maximum admissible 

concentration of NO3
- in drinking water according to EC drinking water directive 

80/778 is 50 mg/l.

organic carbon
Dissolved organic carbon (DOC) is the term used to cover all organic materials 

which pass through the 0.45 µm filter when the stream water sample is collected. 

The natural degradation of biological materials leads to the presence of DOC 

in all stream waters. The complexity and heterogeneity of DOC in most stream 

water environments preclude the ready determination of the specific molecules 

of which it is comprised. It is expected that humic and fulvic acids are dominant 

in many situations, but that other molecules such as carbohydrates and amino 

acids may also be present. The functional groups present on natural DOC can 

be very effective at complexing trace elements, such as Al, Cu, Pb, Zn and Cd. 

These substances can also participate in redox reactions and provide substrates 

for microbial growth. The nature and composition of DOC may be expected to 

vary substantially between peaty upland water, and lowland streams draining 

agricultural land.

Anthropogenic modifications to DOC may arise from applications of manure 

to land, and the inadvertent release of leachate from organic wastes on farms, 

from septic tank, sewer systems and landfills. Additionally organic materials are 

ubiquitous from the manufacture and use of a wide range of products for industrial 

and domestic usage. Dispersion into the hydrosphere may take place at any part 

of the product lifecycle, and thus affect the measured DOC.

phosphorus
Phosphorus (P) has an approximate atomic mass of 31, three main oxidation 

states of (+5, +3 and -3) and one naturally occurring isotope 31P. It is an abundant 

lithophile-biophile -siderophile non-metallic element forming several minerals 

including apatite (Ca5(PO4, CO3)3(F, OH, Cl)), monazite ((La, Ce, Nd, Sm and Th)

(PO4, SiO4)) and xenotime (YPO4) but is widely dispersed at trace levels in minerals 

such as olivine, pyroxenes, amphiboles and micas. Basic rocks typically contain 

somewhat higher concentrations than differentiated acid rocks. Phosphates are 

a common mineral in pegmatatites.

Phosphorous generally displays low mobility in the environment mainly due to 

the very low solubility of calcium and iron phosphates. However, some compounds 

are very mobile, for example, dissolved acid phosphates such as H2PO4
-, in the 

absence of free Ca2+ or Fe3+. Phosphorus particulates in streams are sourced from 

eroding soil and stream banks. Organic matter and peat soils can accelerate the 

downward movement of phosphorous, where it is complexed with organic acids, 

iron (FePO4 and Fe(OH)3) and aluminium hydroxides. In hard water areas, co-

precipitation occurs with calcite (Tiessen, 1995). Phosphorous sorption decreases 

with increasing pH values (Hue, 1991). In lake sediments, the percentage of P 

bound to calcite increases with depth of burial (Tiessen, 1995).

Phosphorous is a key biological element and is essential for all organisms; 

although it is toxic as the element or oxide at high doses (60–100 mg is lethal to 

humans). Phosphorous as phosphate is an important fertilizer, but excessive or 

improper use can lead to eutrophication in lakes and rivers, due to surface run 

off from fields. The reduced forms PH3 and elemental P4 are very toxic to fish. 

Anthropogenic sources of P such as phosphate include fertilizers, waste water 

and detergents (Reimann and de Caritat 1998).

platinum group Metals (platinum and palladium)
The Platinum Group metals comprise platinum, palladium, osmium, iridium, 

ruthenium, and rhodium, all of which have broadly similar chemistries. Platinum 

and palladium have important industrial applications, especially in catalysts such 

as those in modern car exhaust systems. Palladium has atomic number 46 and 

atomic mass of 106.4 with three main stable isotopes. Its main oxidations states 

are 0 (the metal), 2 and 4. Platinum has atomic number 78, and atomic mass 195, 

also with three main stable isotopes. Its main redox states are likewise 0, 2 and 

4; though the +4 state is more stable than that of Pd. However, the environment 

geochemistry of these elements is still not fully understood. They all appear to 

have very low environmental mobility, mainly due to the high stability and low 

solubility of the native metals, the sulphides, disulphides, hydroxides and the 

oxides over the normal ranges of Eh and pH (Brookins, 1988). At very low pH 

values (<2.5) and strongly oxidising conditions (Eh> +0.8), Pd can form the Pd2+ 

ion, but even more extreme conditions are required for the formation of Pt2+ (pH 

<0.5, Eh > 0.9). Such conditions are extremely rare in nature.

geochemical controls on ph
The acidity of a soil or stream water is a direct function of the concentration of 

mobile solvated hydrogen ions, but given the huge range of concentrations likely 

to be encountered, the term pH is used for convenience. This is defined as:

pH = - log10 [H
+]

- where [H+] is the hydrogen ion concentration in moles per litre. The scale of pH 

values ranges from 0–14, low numbers being acidic, pH 7 being neutral and high 

numbers being alkaline. In natural waters in the UK, values between 5 and 9 are 

most likely, but strongly acid waters do occur, for example, in streams draining 

coal and metal mines where sulphide oxidation is taking place, and in streams 

draining peat bogs, where humic acids are derived from decaying plant materials. 

The dissociation constants of most organic acids lie between pH 4 and 4.5. The 

highest pH values are associated with carbonate-rich bedrock (limestones).

In streams, considerable short-term variation in pH (up to 1 pH unit) may occur 

as a result of changes in flow conditions, most notably a drop in pH during and 

immediately after storm events, as the balance between groundwater and surface 

run-off to the stream changes. Seasonal variations are also likely as a response 

to changes in rainfall and soil biological activity. In agricultural areas, the use of 

liming and fertilisers can also have a marked effect on stream water pH, while 

changes in land-use (eg afforestation) have a longer-term effect.

Along with the redox potential (EH), pH is a master variable in solution 

geochemistry and controls the solubility and mobility of many elements. Many 

examples of this are given in Brookins (1988). The interpretation of geochemical 

maps of elements in stream waters should always be made with reference to the 

pH distribution in the area.

potassium
Potassium (K) has an atomic mass of 39, one main oxidation state (+1) and three 

naturally occurring isotopes, of which 39K forms 93.3% of the total mass. It is an 

abundant lithophile/biophile metallic element forming several minerals in evaporite 

deposits including sylvite (KCl) and carnallite (KMgCl3.6H2O).

Potassium is a major constituent of many rock-forming minerals, principally 

K-feldspars and micas. In magmas it is progressively concentrated during 

differentiation and is thus enriched in acid relative to basic igneous rocks. It 

is especially enriched in late-stage hydrothermal solutions (particularly those 

associated with acid igneous bodies), giving rise to K-feldspar metasomatism.

Low and medium-grade metamorphic rocks generally hold K2O at comparable 

levels to their precursors (Wedepohl, 1978). Depletion of K2O (and the concomitant 

reduction of K/Rb ratios) may occur during high-grade metamorphism or during 

granulite-amphibolite retrogression (Rollinson and Windley, 1980).

Clay mineralogy is the principal determinant of K2O levels in argillacious 

sediments, with illite the most important single carrier. In arenaceous rocks, the 

total K2O level is typically controlled by K-feldspars, micas and glauconite. Lowest 

K2O levels are generally prevalent in pure limestones, where the element may 

provide a useful indicator of the proportion of non-calcareous detritus.

Potassium has a relatively low mobility under most environmental conditions, 

despite the solubility of the K+ ion under a wide range of pH and Eh conditions 

(Brookins, 1988), due mainly to strong sorption by clay minerals and incorporation 

into the biosphere via plants.

Potassium is an essential element for all organisms. It is important for the 

functioning of the nervous system in humans. Natural toxic effects are rare. 

However, in strongly alkaline soils potassium salts can accumulate in plants, killing 

them. Anthropogenic sources of potassium include fertilizers, but natural sources 

are more significant than anthropogenic (Reimann and de Caritat, 1998).

selenium
Selenium (Se) has an approximate atomic mass of 79, four main oxidation states 

of (-2, 0, +4 and +6) and six naturally occurring stable isotopes, of which 78Se and 
80Se together make up 73% of the total mass. It is a low-abundance chalcophile 

non-metallic element forming several rare minerals including crookesite ((Cu, Tl, 

Ag)2Se), berzelianite (Cu2Se) and tiemannite (HgSe), but is more widely present 

as an accessory element replacing sulphur in more common sulphide minerals 

such as pyrite, chalcopyrite, pyrrhotite and sphalerite. Consequently it is most 

abundant in sedimentary rocks rich in sulphur and organic matter, such as coals 

and black-shales.

Selenium is associated with epithermal gold and silver deposits. Platinum 

Group Metal - selenide minerals are also well known (Goldschmidt, 1958).

Selenium is highly mobile under oxidising, acidic, neutral and alkaline 

conditions, although its mobility decreases with decreasing pH (Gondi et al., 

1992) and it is immobile under reducing conditions as it combines strongly 

with sulphides and binds to organic matter. Its solution chemistry is principally 

anionic with selenite and selenate (Se (IV( and Se (VI)) corresponding to sulphite 

and sulphate, although elemental Se is also stable over a wide pH range under 

reducing conditions (Brookins, 1988).
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Selenium is a biologically active element and is essential for many organisms. 

Selenium is needed for growth and fertility in animals, while deficiency in humans 

leads to Keshan and Kashin-Beck diseases, affecting the heart and bones 

respectively (Mertz, 1987). Some 30–40 µg/day is needed for adult humans 

(WHO, 1996) but it has a narrow optimal intake range and can also be toxic 

at higher levels, causing hair and nail loss, skin disorders, nerve damage and 

abdominal cramps (Mertz, 1987). Anthropogenic sources of Se include coal 

combustion, smelters, vulcanised rubber, waste water and some phosphate 

fertilizers (Reimann and de Caritat, 1998).

sodium
Sodium has an approximate mass of 23, is mono-isotopic and is the most 

abundant of the alkali metals, which all occur in the +1 oxidation state. There are 

no low-solubility salts of Na: once the element is in solution it tends to remain 

in the dissolved form, though it may be adsorbed on clays with high cation-

exchange capacities. Sodium in natural waters can have a very wide concentration 

range, from less than 1 mg/l in rainfall and low-ionic-strength stream water to 

very high levels (>100 000 mg/l) associated with brines or evaporite deposits. 

Because of its high concentrations in sea water, Na may be enriched in marine-

derived superficial deposits.

Sea water and evaporitic sediments account for a significant proportion of 

the total Na in the earth’s rocks and oceans. Igneous rocks contain plagioclase 

feldspars; weathering of the albite (NaAlSi3O8) end-member yields Na+ which stays 

in solution, except where it is incorporated into, or adsorbed onto the surface 

of, a clay mineral. In detrital sedimentary rocks, Na occurs in unaltered mineral 

grains (e.g. albite) or as a major or minor constituent of cement. Some evaporites 

contain the highly soluble salts Na2CO3 and halite (NaCl).

The value of the Cl/Na ratio in sea water (and thus also in precipitation) on 

a chemical charge basis is 1.16. Areas where weathering of Na from minerals 

other than halite (in bedrock or overburden) makes a significant contribution to 

Na+ concentrations in stream water are marked by low values of Cl/Na.

Sodium is an essential element for all biota, although excessive concentrations 

can be harmful. Several human activities can influence the concentration of Na+ 

in surface and ground water, including the application of salt for the de-icing of 

roads, the disposal of waste in landfill sites, and the pumping of fresh water from 

coastal aquifers (which leads to the intrusion of saline water).

stream water conductivity
Although not a single chemical element, the electrical conductivity of a stream 

water is a useful indicator of the concentrations of dissolved electrolytes, i.e. those 

elements present as ions in solution. Only in the simplest aqueous systems is 

there a direct correlation with the total concentration of dissolved solids, since 

some ions are more mobile charge-carriers than others. For example, Na+ and 

Cl- are more mobile carriers than say Ca2+ or SO4
2, while hydrolysed Fe3+, Al3+ 

and dissolved bulky organic acid molecules are poor carriers of charge. There 

is also some interaction from pH, especially in acid waters, as H+(aq) ions are 

also effective charge carriers.

Conductivity is measured as the reciprocal of electrical resistance over a 

fixed distance using a non-polarising conductivity meter and expressed in units 

of micro-Siemens per centimetre (S=Ω−1). Pure hill-stream waters tend to have 

low conductivities around 30–50 μS cm-1, while lowland rivers may have values 

of several hundred, and brackish or polluted waters several thousand, μS cm-1.

sulphate
Sulphur has an approximate atomic mass of 32, four stable isotopes with the 

most abundant being mass 32 (95%). In stream waters, S exists predominantly 

as the free SO4
2- anion. However, the presence of protonated species and the 

influence of ion-pair interactions influence the chemical behaviour of S, as does 

Eh. In acid waters (pH <4), sulphuric acid is not completely dissociated and 

some HSO4
- is present. In very reducing conditions, H2S is significant. Systems 

controlled by gypsum rarely contain more than 1500 mg/l SO4
2- and 650 mg/l 

Ca, but the tendency of SO4
2- to form neutrally charged ion-pair associations can 

result in over-saturation with respect to gypsum. Magnesium sulphate has a very 

high solubility, so high SO4
2- concentrations may occur in Mg-dominated systems 

in the absence of Ca. With an average concentration of 2700 mg/l, SO4
2- is the 

third commonest species in sea water, after Na+ and Cl- (Hem, 1985). Sulphate 

concentration in rain exceeds 10 mg/l in areas strongly affected by anthropogenic 

emissions of SO2. In contrast, unpolluted rain may have SO4
2- concentrations 

as low as 1 mg/l. Terrestrial dust and marine aerosols contribute SO4
2- to dry 

atmospheric deposition as well as rain water.

The mobility of SO4
2- in soil is constrained by processes of adsorption and 

reduction. In poorly drained, peaty soils, SO4
2- is reduced and immobilised as 

sulphide. Plants carry out the reduction process effectively, and micro-organisms 

have a controlling influence on the oxidation state of sulphur, capable of either 

oxidation or reduction depending on microbial species and environment. 

In podzolic soils, oxides of Fe and Al in the B horizon adsorb SO4
2- (O’Brien 

et al., 1994).

Sulphate has significant agricultural uses in fertilisers ((NH4)
2SO4) and 

pesticides; it also occurs in petrol refining, detergents and other industrial uses

tin
Tin (Sn) has an approximate atomic mass of 119, two main oxidation states of +4 

and +2 (rare in surface environment) and ten naturally occurring stable isotopes, 

of which 118Sn and 120Sn together make up 57% of the total mass. It is a low 

abundance siderophile metallic element forming several minerals including most 

commonly cassiterite (SnO2).

During magmatic processes, Sn4+ may replace Ti4+ and Fe3+ in accessory 

minerals such as sphene, ilmenite, rutile and magnetite. The small, highly charged 

Sn4+ ion is strongly concentrated as complexes in residual melts and thus becomes 

enriched in acid (~3.5 mg/kg) relative to basic (~1 mg/kg) igneous rocks. The Sn 

mineral cassiterite (SnO2) is often present as a disseminated accessory phase in 

evolved granites, and it accumulates to economic levels in discrete hydrothermal 

veins and metasomatic deposits closely associated with highly siliceous lithologies 

(Ganeev et al., 1961; Ure and Berrow, 1982).

In sedimentary rocks, the concentration of Sn is primarily determined by 

the abundance of resistate minerals such as cassiterite, sphene and magnetite. 

Argillaceous and calcareous sediments typically hold Sn at concentrations in 

excess of the crustal mean (4–6 mg/kg) while sandstones (~1 mg/kg) are generally 

depleted.

Tin has a low mobility under most environmental conditions, mainly due to 

the high stability of the oxide SnO2. Tin is often found in stream sediments as 

detrital cassiterite (SnO2) which, being a heavy resistant mineral, often has a 

slower transport rate in streams (Fletcher, 1996). Weathering of both natural and 

anthropogenic tin carriers is intensified under acid, reducing conditions, but any 

Sn2+ released oxidises rapidly and is subsequently bound to secondary oxides of 

iron or aluminium. Tributyltin, a man-made organo-tin compound readily adsorbs 

onto suspended particulate material, and therefore concentrations increases as 

grain size decreases (De Mora and Phillips, 1997).

Tin is considered possibly essential for some organisms, including humans, 

but many of its compounds are toxic to lower organisms. Examples being the well-

documented cases of shell abnormalities in shellfish and imposex in gastropods 

caused by tributyltin in anti-fouling paints for ships (De Mora and Phillips, 1997). 

Inorganic Sn toxicity can cause growth depression and anaemia in humans; it 

also interferes with the metabolism of Zn, Cu and Ca (WHO, 1996). Fortunately, 

however, it is poorly absorbed by the human body. Anthropogenic sources of 

tin include tin plate, coal and wood combustion, waste incineration and sewage 

sludge (Reimann and de Caritat, 1998).

uranium
Uranium (U) has an approximate atomic mass of 238, five main oxidation states 

of (+6, +2, +3, +4 and +5, of which +6 and +4 are most common in nature) and 

three naturally occurring isotopes, 234U, 235U and 238U, of which 238U has 99% of the 

total mass. It is a lithophile metallic element present in several minerals including 

uraninite (UO2). It is also present as an accessory element in more common 

minerals such as zircon, apatite, allanite and monazite.

In magmas, the large, highly charged U4+ ion behaves incompatibly, becoming 

concentrated in late-stage differentiates, often in accessory minerals such as 

zircon and allanite. Granites are therefore richer in U than basic igneous rocks. 

Secondary concentration of U may occur as a result of deuteric and hydrothermal 

activity associated with the emplacement of acid volcanics and intrusives. 

Depletion of U has been widely reported in association with granulite-facies 

metamorphism (Lambert and Heier, 1968; Heier, 1973).

Concentrations of U in sedimentary rocks are closely controlled by redox 

conditions, with highest concentrations in organic-rich facies (deposited in anoxic 

regimes) and low values in coarse-grained, inorganic lithologies. Average U values 

are generally lower in sandstones (quartzites, 0.5–1.5 mg/kg) than in argillaceous 

sediments (3–4 mg/kg). Particularly high concentrations occur in organic-rich 

black shales (6–1000 mg/kg) and phosphatic sediments (50–300 mg/kg).

Some U in stream sediments may be present in resistate minerals such as 

zircon, monazite and allanite derived from primary or secondary rock sources. 

However, the distribution of U in stream sediments is controlled principally by Eh 

and pH conditions. Uranium displays high mobility under oxidising, acidic, neutral 

and alkaline conditions. Under acid, oxidising conditions the main species in 

solution is the uranyl ion UO2
2+, while under neutral to alkaline oxidising conditions, 

soluble uranyl-carbonate complexes such as UO2(CO3)2
2- predominate (Brookins, 

1988; Duff et al., 1997). Under reducing conditions the insoluble UIV oxide UO2 is 

formed. Hexavalent U6+ is known to be reduced to U4+ by SO4-reducing bacteria 

and Fe-reducing bacteria in the laboratory (Duff et al., 1997) and this mechanism 
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almost certainly operates in anoxic sediments. The chemistry of U4+ is very similar 

to Th4+, in that they both strongly adsorb to iron-oxides and organic matter. 

However, as soon as the conditions become oxic, uranium is rapidly mobilised 

as UVI, and becomes soluble (Duff et al., 1997), whereas Th remains immobile 

(Andersson et al., 1995).

Uranium is a non-essential element; it is chemotoxic, radiotoxic and a 

carcinogen. The radioactive decay of uranium releases radon gas, which is itself 

radiotoxic and highly mobile. Anthropogenic sources of uranium include uranium 

mining and milling, phosphate fertilizers and coal combustion (Reimann and de 

Caritat, 1998).

zinc 
Zinc (Zn) has an approximate atomic mass of 65, one main oxidation state (+2) 

and five naturally occurring stable isotopes of which 64Zn, 66Zn and 68Zn are the 

most important. It is a chalcophile metallic element which forms several minerals 

including sphalerite (ZnS), smithsonite (ZnCO3), and zincite (ZnO).

During magmatic processes, Zn shows compatibility during early fractionation 

and becomes enriched in basic (~100 mg/kg) relative to acid (~50 mg/kg) 

igneous rocks (Wedepohl, 1978). It is readily partitioned into oxides and silicates 

by substitution for Fe2+ and Mg2+, due to similar ionic radii. In basic rocks the 

principal Zn carrier is magnetite, while biotite is generally prefered in granites 

(Ure and Berrow, 1982). Enrichment in chrome spinels has been suggested as an 

explanation for the abundance of Zn in layered ultrabasic bodies (Carter, 1970). 

Sphalerite is a constituent of many igneous rocks and hydrothermal ore deposits, 

reflecting the chalcophile nature of Zn.

Mobilisation of Zn is limited during the low-grade alteration of volcanic rocks 

(Condie, 1976) and minor losses are reported at medium - high grades (e.g. 

Nicollet and Andriambololona, 1980). However, Zn may become depleted in 

granulite-facies rocks (Sighinolfi and Gorgoni, 1978).

The distribution of Zn in sedimentary rocks is primarily controlled by the 

abundance of detrital ferromagnesian silicates, magnetite and clay minerals 

(Wedepohl, 1978); it is also readily adsorbed onto ferric oxides. Carbonate rocks 

(~50 mg/kg) and quartzo-feldspathic sands (30–50 mg/kg) are generally poor in 

Zn compared with greywackes (70–100 mg/kg) and shales (50–190 mg/kg). Zinc 

has an affinity for organic matter, and high values are often recorded in oil shales 

(Wedepohl, 1978). High concentrations of Zn (~1%) have been recorded in oolitic 

ironstones and ferromanganese nodules (Jenkyns, 1977).

The mobility of Zn in the environment is high under oxidising, acidic conditions 

but more restricted at low Eh levels where the sulphide may precipitate. Under 

acidic conditions, Zn is similar to Cd in its partitioning behaviour and distribution 

(Jones, 1986). Above pH 8, Zn is immobile due to sorption and the low solubility 

of Zn(OH)2 and ZnCO3. Zinc is sorbed by secondary iron hydrous oxides at low 

pH values (pH 4) (Parkman et al., 1996) but not as strongly as Pb.

Zinc is biologically active and is essential for all organisms (11.4 mg/day is 

needed by adults (WHO, 1996)). Toxicity in humans is low, and deficiency is more 

likely, causing growth retardation, dermatitis, and a defective immune system. 

Anthropogenic sources of zinc include zinc smelters, combustion, sewage and 

waste water (Reimann and de Caritat, 1998).
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Arsenic (As)

Statistics

Samples 6862

Mean 10.50

Minimum <0.90

Median 8.70

Maximum 271.20

Std Deviation 9.90

Range 271.20

Minimum detectable value 0.90

Arsenic (As)

Shallow Soils

5-20 cm depth

-5 mm soil

XRF-WD

General diStribution
Arsenic (As) concentrations in shallow soil vary between the detection limit 

(0.9 mg/kg) and 271.2 mg/kg. The median value is 8.7 mg/kg and the interquartile 

range 6.5–11.7 mg/kg.

The highest soil As concentrations are found over metamorphic rocks of 

the Dalradian Supergroup in Co. Tyrone and over Lower Palaeozoic bedrock in 

Co. Armagh.

High As concentrations in soils in Co. Fermanagh are sourced from organic-rich 

and pyritised layers in Carboniferous bedrock. The lowest As values (<6.0 mg/kg) 

are found in soils on basalt lava of the Antrim Lava Group in Co. Antrim and reflect 

its low natural abundance in these rocks.

diStribution over MetaSediMentary rockS
Soils overlying metamorphic rocks of the Dalradian Supergroup in north 

Co. Londonderry have variable As concentrations from below detection limit 

(0.9 mg/kg) to >43.7 mg/kg. Mineral gley, peat, and podzol soils with high As 

concentration (>8.7 mg/kg) cover extensive areas of the Claudy Formation and 

may be sourced from organic-rich, pyritised layers. At the eastern end of the 

formation outcrop, proximity to the unconformity with the early Carboniferous Roe 

Valley Group suggests the potential for a hydrothermal fluid source of As. In the 

Sperrin Mountains, soils on the Dart and Glenelly formations have intermediate 

to predominantly high (6.5–14.1 mg/kg) As concentrations, independent of 

superficial deposits and soil type.

Several soil As anomalies occur near metabasite sills in the Dart Formation. 

Soils on the Glenelly Formation have high to very high (>8.7– >20.5 mg/kg) As 

concentrations reflecting a high natural baseline. As anomalies in soils overlying 

the Glengawna Formation in the south Sperrin Mountains may be the result of 

downslope dispersion from the adjacent Glenelly and Mullaghcarn formations.

At Glenhull in Co. Tyrone, a northeast-southwest zone of very high As 

concentration is coincident with the Omagh Thrust Fault. A hydrothermal fluid 

source of As is proposed. The Curraghinalt gold deposit is located 5 km to 

the northwest of this anomaly. In the southwest, two localities underlain by the 

Mullaghcarn Formation, show very high As concentration near the Omagh Thrust 

Fault, at Killyclogher and near the Cavanacaw gold deposit.

An extensive zone of high to very high (>8.7– >20.5 mg/kg) As levels 

commences at Newtownstewart and extends to Sturrin (near Killeter Forest), some 

30 km to the west. The zone traverses a highly faulted sequence of Dalradian 

metamorphic rocks and is part of an anomalous As trend that also extends 

eastwards to Carnanelly mountain. The origin of this ~60 km zone of intermittent 

high As soil anomalies is unknown.

diStribution over SediMentary rockS
Variable, intermediate to very high (6.0– >43.7 mg/kg) As values are present in 

soils on Lower Palaeozoic bedrock in the Southern Uplands-Down-Longford 

Terrane in Counties Down and Armagh. The most extensive area of very high 

concentration is found in mineral gley, peat and ranker soils on Gala 7+1 and 

Gala 7+2 tracts in Co. Armagh. Numerous vein occurrences of sulphide (primarily 

galena) mineralisation occur in this area which is part of the historical South 

Armagh-Monaghan Mining District.

A north-northeast-trending zone of elevated As can be traced for ~35 km from 

south of Crossmaglen, in south Co. Armagh, through Mountnorris to Tandragee. 

Elevated Cd, Cu, Mo, Sb, Pb and Zn also occur in this zone. At Tandragee, 

the elevated As anomaly terminates near a series of fault offsets of the Orlock 

Bridge Fault. On the basis of the As anomaly it is proposed that the fault offsets 

at Tandragee may be part of an unmapped fault zone between Tandragee and 

Crossmaglen.

Soils on Gala Group bedrock in the Gala 7+1 tract have high As concentrations 

unrelated to superficial deposits and soil type. Elevated soil As may be related to 

the primary lithogeochemistry of the bedrock, or may be epigenetic and related to 

hydrothermal fluids passing within or along the boundaries of the tract. A series 

of As anomalies, possibly epigenetic, with northwest-southeast and north-south 

trends occur over the Lower Palaeozoic outcrop, traversing individual tracts.

At Castlewellan, in southeast Co. Down, an extensive area of very high 

(>20.5 mg/kg) As concentration is located near an occurrence of galena 

mineralisation. The presence of bedrock at or near surface in the area between 

Downpatrick and Ballygowan may explain the high As concentration in soils in 

this area. Hydrothermal fluid sources of As cannot be discounted. Soils overlying 

deposits of glaciofluvial sand and gravel on the Mourne Plain have a slightly lower 

and more restricted range of As concentration (8.7–20.5 mg/kg) in comparison 

to the rest of the outcrop of the Hawick Group (>9.7– <43.7 mg/kg), perhaps 

reflecting the masking effect of these superficial deposits. Very high (>43.7 mg/kg) 

As concentration in mineral gley and ranker soils over the Hawick Group near 

Portaferry may reflect the presence of late Caledonian lamprophyre dykes or 

veinlets of galena following cleavage planes in the bedrock.

Over the outcrop of the Devonian Shanmullagh Formation in the Fintona 

Block in Co. Tyrone, As concentration is very uniform (9.7–29.5 mg/kg), with most 

values from 11.7–20.5 mg/kg. These sediments were derived by weathering and 

erosion of As-bearing Dalradian rocks. In the Fintona Block, As anomalies cross 

the Killadeas-Seskinore Fault onto the outcrop of the early Carboniferous Kilskeery 

Group, but terminate at the Tempo-Sixmilecross Fault. This may represent a 

topographic effect in response to a change in bedrock lithology, or a glacial 

dispersion process.

Over the Carboniferous outcrop in Co. Fermanagh, a continuous area of high 

As (>8.7–20.5 mg/kg) is associated with organic-rich and pyritised bedrock.

In northeast Co. Antrim, downslope dispersion of As from peat substrate on 

bedrock comprising basalt lava of the Palaeogene Antrim Lava Group is observed 

in soils overlying Mesozoic rocks.

diStributi on over iGneouS rockS
Variable, intermediate to high (6.0–14.1 mg/kg) As concentrations are recorded in 

soils on the early Ordovician Tyrone Igneous Complex. Sorption of As to organic 

matter may account for a single isolated anomaly in peat substrate on the Tyrone 

Volcanic Group. At Slieve Gallion, elevated soil As is sourced in the Tyrone Volcanic 

Group in addition to conglomerate and sandstone of the early Carboniferous 

Iniscarn Formation.

Soils on the late Caledonian Newry Igneous Complex have low to intermediate 

(3.2–8.7 mg/kg) As concentrations, reflecting the low abundance of As in 

granodiorite. Relatively elevated As values towards the northeast part of the 

Complex may be correlated with sorption of As to organic matter in brown 

podzol soils.

Soils on the Palaeogene Mourne Mountains Complex have variable As levels 

from low to very high (4.0– >29.5 mg/kg). Near Slieve Donard, in the northeast 

part of the Eastern Mournes Centre, high As occurs in podzol and ranker soils 

near an outcrop of the G1 granite component. Felsite dykes in this area may 

provide a source of As. Northeast of Rostrevor in south Co. Down, a Hawick 

Group inlier within granite of the Western Mournes Centre may be the source of 

an As anomaly although elevated soil gold concentrations suggest a mineralisation 

related source of As.

On the outcrop of basalt lava of the Palaeogene Antrim Lava Group, two As 

distributions are proposed. A lowland group, with soil As ranging from below 

detection limit to intermediate levels (0.9– <8.7 mg/kg), and an upland group 

with As concentration ranging from intermediate to high (6.0–16.1 mg/kg). Soils 

north of the Tow Valley Fault in north Co. Antrim generally have intermediate As 

concentration. The occurrence of high As concentration in upland areas with peat 

cover over the Upper Basalt Formation cannot be readily explained. The proximity 

of As anomalies to the outcrop of the Interbasaltic Formation may suggest a 

potential geogenic source of As in this iron-rich lithology. High As concentration 

in peat may be related to sorption of As to organic matter.

anthropoGenic FactorS
No anthropogenic influence on the concentration or distribution of soil As has 

been observed.
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Arsenic (As)

Statistics

Samples 6862

Mean 10.50

Minimum <0.90

Median 8.70

Maximum 271.20

Std Deviation 9.90

Range 271.20

Minimum detectable value 0.90

Arsenic (As)

Shallow Soils

5-20 cm depth

-5 mm soil

XRF-WD

General diStribution
Arsenic (As) concentrations in shallow soil vary between the detection limit 

(0.9 mg/kg) and 271.2 mg/kg. The median value is 8.7 mg/kg and the interquartile 

range 6.5–11.7 mg/kg.

The highest soil As concentrations are found over metamorphic rocks of 

the Dalradian Supergroup in Co. Tyrone and over Lower Palaeozoic bedrock in 

Co. Armagh.

High As concentrations in soils in Co. Fermanagh are sourced from organic-rich 

and pyritised layers in Carboniferous bedrock. The lowest As values (<6.0 mg/kg) 

are found in soils on basalt lava of the Antrim Lava Group in Co. Antrim and reflect 

its low natural abundance in these rocks.

diStribution over MetaSediMentary rockS
Soils overlying metamorphic rocks of the Dalradian Supergroup in north 

Co. Londonderry have variable As concentrations from below detection limit 

(0.9 mg/kg) to >43.7 mg/kg. Mineral gley, peat, and podzol soils with high As 

concentration (>8.7 mg/kg) cover extensive areas of the Claudy Formation and 

may be sourced from organic-rich, pyritised layers. At the eastern end of the 

formation outcrop, proximity to the unconformity with the early Carboniferous Roe 

Valley Group suggests the potential for a hydrothermal fluid source of As. In the 

Sperrin Mountains, soils on the Dart and Glenelly formations have intermediate 

to predominantly high (6.5–14.1 mg/kg) As concentrations, independent of 

superficial deposits and soil type.

Several soil As anomalies occur near metabasite sills in the Dart Formation. 

Soils on the Glenelly Formation have high to very high (>8.7– >20.5 mg/kg) As 

concentrations reflecting a high natural baseline. As anomalies in soils overlying 

the Glengawna Formation in the south Sperrin Mountains may be the result of 

downslope dispersion from the adjacent Glenelly and Mullaghcarn formations.

At Glenhull in Co. Tyrone, a northeast-southwest zone of very high As 

concentration is coincident with the Omagh Thrust Fault. A hydrothermal fluid 

source of As is proposed. The Curraghinalt gold deposit is located 5 km to 

the northwest of this anomaly. In the southwest, two localities underlain by the 

Mullaghcarn Formation, show very high As concentration near the Omagh Thrust 

Fault, at Killyclogher and near the Cavanacaw gold deposit.

An extensive zone of high to very high (>8.7– >20.5 mg/kg) As levels 

commences at Newtownstewart and extends to Sturrin (near Killeter Forest), some 

30 km to the west. The zone traverses a highly faulted sequence of Dalradian 

metamorphic rocks and is part of an anomalous As trend that also extends 

eastwards to Carnanelly mountain. The origin of this ~60 km zone of intermittent 

high As soil anomalies is unknown.

diStribution over SediMentary rockS
Variable, intermediate to very high (6.0– >43.7 mg/kg) As values are present in 

soils on Lower Palaeozoic bedrock in the Southern Uplands-Down-Longford 

Terrane in Counties Down and Armagh. The most extensive area of very high 

concentration is found in mineral gley, peat and ranker soils on Gala 7+1 and 

Gala 7+2 tracts in Co. Armagh. Numerous vein occurrences of sulphide (primarily 

galena) mineralisation occur in this area which is part of the historical South 

Armagh-Monaghan Mining District.

A north-northeast-trending zone of elevated As can be traced for ~35 km from 

south of Crossmaglen, in south Co. Armagh, through Mountnorris to Tandragee. 

Elevated Cd, Cu, Mo, Sb, Pb and Zn also occur in this zone. At Tandragee, 

the elevated As anomaly terminates near a series of fault offsets of the Orlock 

Bridge Fault. On the basis of the As anomaly it is proposed that the fault offsets 

at Tandragee may be part of an unmapped fault zone between Tandragee and 

Crossmaglen.

Soils on Gala Group bedrock in the Gala 7+1 tract have high As concentrations 

unrelated to superficial deposits and soil type. Elevated soil As may be related to 

the primary lithogeochemistry of the bedrock, or may be epigenetic and related to 

hydrothermal fluids passing within or along the boundaries of the tract. A series 

of As anomalies, possibly epigenetic, with northwest-southeast and north-south 

trends occur over the Lower Palaeozoic outcrop, traversing individual tracts.

At Castlewellan, in southeast Co. Down, an extensive area of very high 

(>20.5 mg/kg) As concentration is located near an occurrence of galena 

mineralisation. The presence of bedrock at or near surface in the area between 

Downpatrick and Ballygowan may explain the high As concentration in soils in 

this area. Hydrothermal fluid sources of As cannot be discounted. Soils overlying 

deposits of glaciofluvial sand and gravel on the Mourne Plain have a slightly lower 

and more restricted range of As concentration (8.7–20.5 mg/kg) in comparison 

to the rest of the outcrop of the Hawick Group (>9.7– <43.7 mg/kg), perhaps 

reflecting the masking effect of these superficial deposits. Very high (>43.7 mg/kg) 

As concentration in mineral gley and ranker soils over the Hawick Group near 

Portaferry may reflect the presence of late Caledonian lamprophyre dykes or 

veinlets of galena following cleavage planes in the bedrock.

Over the outcrop of the Devonian Shanmullagh Formation in the Fintona 

Block in Co. Tyrone, As concentration is very uniform (9.7–29.5 mg/kg), with most 

values from 11.7–20.5 mg/kg. These sediments were derived by weathering and 

erosion of As-bearing Dalradian rocks. In the Fintona Block, As anomalies cross 

the Killadeas-Seskinore Fault onto the outcrop of the early Carboniferous Kilskeery 

Group, but terminate at the Tempo-Sixmilecross Fault. This may represent a 

topographic effect in response to a change in bedrock lithology, or a glacial 

dispersion process.

Over the Carboniferous outcrop in Co. Fermanagh, a continuous area of high 

As (>8.7–20.5 mg/kg) is associated with organic-rich and pyritised bedrock.

In northeast Co. Antrim, downslope dispersion of As from peat substrate on 

bedrock comprising basalt lava of the Palaeogene Antrim Lava Group is observed 

in soils overlying Mesozoic rocks.

diStributi on over iGneouS rockS
Variable, intermediate to high (6.0–14.1 mg/kg) As concentrations are recorded in 

soils on the early Ordovician Tyrone Igneous Complex. Sorption of As to organic 

matter may account for a single isolated anomaly in peat substrate on the Tyrone 

Volcanic Group. At Slieve Gallion, elevated soil As is sourced in the Tyrone Volcanic 

Group in addition to conglomerate and sandstone of the early Carboniferous 

Iniscarn Formation.

Soils on the late Caledonian Newry Igneous Complex have low to intermediate 

(3.2–8.7 mg/kg) As concentrations, reflecting the low abundance of As in 

granodiorite. Relatively elevated As values towards the northeast part of the 

Complex may be correlated with sorption of As to organic matter in brown 

podzol soils.

Soils on the Palaeogene Mourne Mountains Complex have variable As levels 

from low to very high (4.0– >29.5 mg/kg). Near Slieve Donard, in the northeast 

part of the Eastern Mournes Centre, high As occurs in podzol and ranker soils 

near an outcrop of the G1 granite component. Felsite dykes in this area may 

provide a source of As. Northeast of Rostrevor in south Co. Down, a Hawick 

Group inlier within granite of the Western Mournes Centre may be the source of 

an As anomaly although elevated soil gold concentrations suggest a mineralisation 

related source of As.

On the outcrop of basalt lava of the Palaeogene Antrim Lava Group, two As 

distributions are proposed. A lowland group, with soil As ranging from below 

detection limit to intermediate levels (0.9– <8.7 mg/kg), and an upland group 

with As concentration ranging from intermediate to high (6.0–16.1 mg/kg). Soils 

north of the Tow Valley Fault in north Co. Antrim generally have intermediate As 

concentration. The occurrence of high As concentration in upland areas with peat 

cover over the Upper Basalt Formation cannot be readily explained. The proximity 

of As anomalies to the outcrop of the Interbasaltic Formation may suggest a 

potential geogenic source of As in this iron-rich lithology. High As concentration 

in peat may be related to sorption of As to organic matter.

anthropoGenic FactorS
No anthropogenic influence on the concentration or distribution of soil As has 

been observed.
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Antimony (Sb)

Statistics

Samples 6862

Mean 1.10

Minimum 0.60

Median 1.00

Maximum 156.90

Std Deviation 2.00

Range 156.30

Minimum detectable value 0.50

Antimony (Sb)

Shallow Soils

5-20 cm depth

-2 mm soil

XRF-WD

General diStribution
Antimony (Sb) concentration in soil varies between 0.7 and 156.9 mg/kg. The 

median value is 1.0 mg/kg and the interquartile range 0.9–1.2 mg/kg. High Sb 

concentrations (>1.3 mg/kg) exist in soils in south Co. Armagh, east Co. Down 

and overlying Dalradian metamorphic bedrock in the Sperrin Mountains. Although 

peat substrates have high Sb concentrations, reflecting natural accumulation by 

chelation to organic matter, this may be a poor indicator of bedrock Sb levels.

In Co. Down, anomalies may have been created by the flow of epigenetic 

Sb-bearing fluids along known and concealed geological structures. In the 

Sperrin Mountains, Sb anomalies correlate with the outcrop of metalimestone 

and of metabasite sills. Low concentration (0.7–1.0 mg/kg) Sb anomalies occur 

throughout Northern Ireland, reflecting its natural background level.

diStribution over MetaSediMentary rockS
In the Sperrin Mountains, an extensive Sb anomaly with intermediate (1.1 mg/kg) 

to very high (>1.8 mg/kg) Sb concentrations in soils overlying Dalradian bedrock 

extends south from the outcrop of the Dart Formation onto the outcrop of the 

Glenelly, Glengawna and Mullaghcarn formations. In the Dart Formation, high 

Sb values occur near sulphide-bearing metabasite sills. Concomitant anomalies 

for Cd, Pb, Se and Sn are also present. The anomaly is independent of the type 

of superficial deposit, topographic slope and bedrock lithology. However, a 

correlation with peat is observed. Mineral gley and podzol soils in the valley of the 

Glenelly River have low (<1.0 mg/kg) to intermediate (1.2 mg/kg) Sb concentration, 

in contrast with elevated Sb levels in peat substrates on the surrounding hills. 

At Castlederg in northwest Co. Tyrone, Sb anomalies again demonstrate a 

correlation with the outcrop of metalimestone and metabasite sills in the Dalradian 

succession.

An extensive anomaly overlying the outcrop of the Mullaghcarn Formation 

northeast of Omagh in Co. Tyrone has a number of possible geogenic sources 

including fluid movement along the Omagh Thrust Fault, the contact (possibly 

tectonic) between the Mullaghcarn and Glengawna formations and other fault 

lines. There is a minor correlation of Sb anomalies with the distribution of glacial 

till and mineral gley and peat soils. Elevated As, Cd, Pb, Se, and Sn also suggest a 

sulphide mineralisation source for this anomaly. Southwest of Omagh an isolated 

Sb anomaly occurs in the vicinity of the Cavanacaw gold deposit along with 

elevated levels of As, Fe, Mo, and Pb.

In northeast Co. Antrim, a northeast-southwest zone of elevated Sb 

(>1.3 mg/kg) corresponds to an area of upland peat substrate, but may also 

indicate an Sb source in Dalradian-hosted metabasite sills.

diStribution over SediMentary rockS
Sb concentration ranges from low (0.7 mg/kg) to very high (>2.0 mg/kg) in soils 

overlying Lower Palaeozoic bedrock in the Southern Uplands-Down-Longford 

Terrane in Counties Down and Armagh. Many high to very high soil Sb anomalies 

coincide with known faults and lithological contacts. In south Co. Armagh, an 

extensive northeast-southwest anomaly of high to very high Sb to the west of 

Keady occurs on the south side of the Orlock Bridge Fault. The area is known 

for the occurrence of sulphide mineralisation at Cargalisgorran and Derrynoose 

and for the historical mining of Pb deposits. The anomaly has a concomitant high 

concentration of As with elevated Cd, Cr, Mo, Ni, Pb and Zn. This trace element 

suite suggests potential for metalliferous mineralisation, possibly related to an 

epigenetic hydrothermal fluid source. Sb distribution may prove useful in locating 

the provenance of alluvial gold occurrences in this area.

Several Sb anomalies south of Keady in southwest Co. Armagh trend 

northwest-southeast and northeast-southwest and are associated with faults 

that offset the boundaries of tracts such as Gala 7 and Gala 7+1. It is possible 

that other, similar, anomalies that are unexplained may indicate the presence of 

concealed faults such as near Crossmaglen, where soil Mo anomalies are also 

present.

High to very high Sb anomalies in east Co. Down are classified as geogenic. A 

Sb anomaly that trends northeast-southwest from just northwest of Ballynahinch 

to Ballygowan, commences near the intersection of the St. John’s Point-Lisburn 

swarm of Palaeogene basic dykes and the tract boundary between Gala 6 and 

Gala 7. This Sb anomaly also has soil anomalies for As, Cu, Cr, Fe, Ni, and Zn, 

and a spatially confined, high concentration soil Mo anomaly. The outcrop of 

organic-rich mudstone of the Moffat Shale Group is usually very narrow but is 

confined to the tract boundaries and may be the source of these anomalies, but 

it is also possible that the Sb source is related to the swarm of Palaeogene dykes. 

Sulphide mineralisation associated with movement of hydrothermal fluids near the 

contact of tract boundaries and the dyke swarm is also a possible source.

Mineral gley, brown earth, and mineral gley and ranker soils overlying the 

outcrop of the Hawick Group in the southern part of the Terrane show elevated 

Sb concentration (>1.3 mg/kg) relative to the more northerly tracts. While elevated 

As, Cr, Cu, Ni, Pb, Sn and Zn infer a sulphide source, occurrences of galena 

mineralisation are prevalent, commonly as veinlets on cleavage planes in bedrock. 

On the north shore of Carlingford Lough in south Co. Down, an extensive soil Sb 

anomaly occurs in humic ranker soils overlying, or just adjacent to, the outcrop of 

Palaeogene dolerite and rare felsite dykes. Anomalies for As, Pb and Zn are also 

present. Concomitant soil Au anomalies suggest a potential for mineralisation, 

related to the intrusion of granites of the Palaeogene Mourne Mountains Complex, 

hosted in Lower Palaeozoic bedrock. Soils in Co. Fermanagh have low to 

intermediate (0.7–1.3 mg/kg) Sb concentrations which are generally independent 

of the type of superficial deposit and soil. An association of Sb anomalies with 

the outcrop of the early Carboniferous Mullaghmore Sandstone and Glenade 

Sandstone formations may be sourced from the localised occurrence of sulphides 

and of carbonaceous material within these formations.

Sb concentration in soils on Mesozoic lithologies in northeast Co. Antrim 

is generally low (<0.8 mg/kg) to intermediate (<1.3 mg/kg) with no noteworthy 

distribution patterns.

diStribution over iGneouS rockS
Sb concentration over the early Ordovician Tyrone Igneous Complex ranges from 

low to very high (<0.9– >1.8 mg/kg) but is generally within the intermediate range 

(1.0–1.2 mg/kg). High Sb values northeast of Dunnamore are related to a peat 

substrate. High to very high soil Sb concentration occurs on quartz porphyry, 

granite, and Tyrone Volcanic Group lithologies on Slieve Gallion. This may reflect 

the natural occurrence of Sb in late-stage fluids associated with granitic bodies. 

An east-west trending anomaly near Creggan extends to the Omagh Thrust Fault 

where it merges with an extensive area of elevated soil Sb. Potential sources for 

the Creggan anomaly include the cover of Quaternary glacial till and the presence 

of bedrock at or near surface. However, accumulation of Sb in surficial peat 

deposits may be the primary cause.

Soils overlying the late Caledonian Newry Igneous Complex have low to 

intermediate (0.7–1.2 mg/kg) Sb concentration. Locally high values (>1.3 mg/kg) 

to the southwest and northeast of Rathfriland are associated with aeromagnetic 

lineaments of unknown origin. In the Mourne Mountains in southeast Co. Down, 

podzol and ranker soils near Slieve Donard have extensive high Sb concentration. 

Anomalies adjacent to Palaeogene dolerite dykes and rare felsite intrusions 

suggest a localised geogenic source of Sb. An anomaly west of the Silent Valley 

reservoir may be due to glacial dispersion processes in this locality.

Soils overlying basalt lava of the Palaeogene Antrim Lava Group on the Antrim 

Plateau show low to high (0.7– >1.3 mg/kg) Sb concentration. Sb distribution is 

independent of the type of superficial deposit and soil. In upland areas, peat 

substrates record high Sb values. For some anomalies the Interbasaltic Formation 

may be the source of the Sb.

anthropoGenic FactorS
A single Sb anomaly at Magherafelt is considered to be anthropogenic in origin. 

Two Sb anomalies near Banbridge may have a mixed geogenic and anthropogenic 

source.
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Arsenic (As)

Statistics

Samples 6862

Mean 10.50

Minimum <0.90

Median 8.70

Maximum 271.20

Std Deviation 9.90

Range 271.20

Minimum detectable value 0.90

Arsenic (As)

Shallow Soils

5-20 cm depth

-2 mm soil

XRF-WD

General diStribution
Arsenic (As) concentrations in shallow soil vary between the detection limit 

(0.9 mg/kg) and 271.2 mg/kg. The median value is 8.7 mg/kg and the interquartile 

range 6.5–11.7 mg/kg.

The highest soil As concentrations are found over metamorphic rocks of 

the Dalradian Supergroup in Co. Tyrone and over Lower Palaeozoic bedrock in 

Co. Armagh.

High As concentrations in soils in Co. Fermanagh are sourced from organic-rich 

and pyritised layers in Carboniferous bedrock. The lowest As values (<6.0 mg/kg) 

are found in soils on basalt lava of the Antrim Lava Group in Co. Antrim and reflect 

its low natural abundance in these rocks.

diStribution over MetaSediMentary rockS
Soils overlying metamorphic rocks of the Dalradian Supergroup in north 

Co. Londonderry have variable As concentrations from below detection limit 

(0.9 mg/kg) to >43.7 mg/kg. Mineral gley, peat, and podzol soils with high As 

concentration (>8.7 mg/kg) cover extensive areas of the Claudy Formation and 

may be sourced from organic-rich, pyritised layers. At the eastern end of the 

formation outcrop, proximity to the unconformity with the early Carboniferous Roe 

Valley Group suggests the potential for a hydrothermal fluid source of As. In the 

Sperrin Mountains, soils on the Dart and Glenelly formations have intermediate 

to predominantly high (6.5–14.1 mg/kg) As concentrations, independent of 

superficial deposits and soil type.

Several soil As anomalies occur near metabasite sills in the Dart Formation. 

Soils on the Glenelly Formation have high to very high (>8.7– >20.5 mg/kg) As 

concentrations reflecting a high natural baseline. As anomalies in soils overlying 

the Glengawna Formation in the south Sperrin Mountains may be the result of 

downslope dispersion from the adjacent Glenelly and Mullaghcarn formations.

At Glenhull in Co. Tyrone, a northeast-southwest zone of very high As 

concentration is coincident with the Omagh Thrust Fault. A hydrothermal fluid 

source of As is proposed. The Curraghinalt gold deposit is located 5 km to 

the northwest of this anomaly. In the southwest, two localities underlain by the 

Mullaghcarn Formation, show very high As concentration near the Omagh Thrust 

Fault, at Killyclogher and near the Cavanacaw gold deposit.

An extensive zone of high to very high (>8.7– >20.5 mg/kg) As levels 

commences at Newtownstewart and extends to Sturrin (near Killeter Forest), some 

30 km to the west. The zone traverses a highly faulted sequence of Dalradian 

metamorphic rocks and is part of an anomalous As trend that also extends 

eastwards to Carnanelly mountain. The origin of this ~60 km zone of intermittent 

high As soil anomalies is unknown.

diStribution over SediMentary rockS
Variable, intermediate to very high (6.0– >43.7 mg/kg) As values are present in 

soils on Lower Palaeozoic bedrock in the Southern Uplands-Down-Longford 

Terrane in Counties Down and Armagh. The most extensive area of very high 

concentration is found in mineral gley, peat and ranker soils on Gala 7+1 and 

Gala 7+2 tracts in Co. Armagh. Numerous vein occurrences of sulphide (primarily 

galena) mineralisation occur in this area which is part of the historical South 

Armagh-Monaghan Mining District.

A north-northeast-trending zone of elevated As can be traced for ~35 km from 

south of Crossmaglen, in south Co. Armagh, through Mountnorris to Tandragee. 

Elevated Cd, Cu, Mo, Sb, Pb and Zn also occur in this zone. At Tandragee, 

the elevated As anomaly terminates near a series of fault offsets of the Orlock 

Bridge Fault. On the basis of the As anomaly it is proposed that the fault offsets 

at Tandragee may be part of an unmapped fault zone between Tandragee and 

Crossmaglen.

Soils on Gala Group bedrock in the Gala 7+1 tract have high As concentrations 

unrelated to superficial deposits and soil type. Elevated soil As may be related to 

the primary lithogeochemistry of the bedrock, or may be epigenetic and related to 

hydrothermal fluids passing within or along the boundaries of the tract. A series 

of As anomalies, possibly epigenetic, with northwest-southeast and north-south 

trends occur over the Lower Palaeozoic outcrop, traversing individual tracts.

At Castlewellan, in southeast Co. Down, an extensive area of very high 

(>20.5 mg/kg) As concentration is located near an occurrence of galena 

mineralisation. The presence of bedrock at or near surface in the area between 

Downpatrick and Ballygowan may explain the high As concentration in soils in 

this area. Hydrothermal fluid sources of As cannot be discounted. Soils overlying 

deposits of glaciofluvial sand and gravel on the Mourne Plain have a slightly lower 

and more restricted range of As concentration (8.7–20.5 mg/kg) in comparison 

to the rest of the outcrop of the Hawick Group (>9.7– <43.7 mg/kg), perhaps 

reflecting the masking effect of these superficial deposits. Very high (>43.7 mg/kg) 

As concentration in mineral gley and ranker soils over the Hawick Group near 

Portaferry may reflect the presence of late Caledonian lamprophyre dykes or 

veinlets of galena following cleavage planes in the bedrock.

Over the outcrop of the Devonian Shanmullagh Formation in the Fintona 

Block in Co. Tyrone, As concentration is very uniform (9.7–29.5 mg/kg), with most 

values from 11.7–20.5 mg/kg. These sediments were derived by weathering and 

erosion of As-bearing Dalradian rocks. In the Fintona Block, As anomalies cross 

the Killadeas-Seskinore Fault onto the outcrop of the early Carboniferous Kilskeery 

Group, but terminate at the Tempo-Sixmilecross Fault. This may represent a 

topographic effect in response to a change in bedrock lithology, or a glacial 

dispersion process.

Over the Carboniferous outcrop in Co. Fermanagh, a continuous area of high 

As (>8.7–20.5 mg/kg) is associated with organic-rich and pyritised bedrock.

In northeast Co. Antrim, downslope dispersion of As from peat substrate on 

bedrock comprising basalt lava of the Palaeogene Antrim Lava Group is observed 

in soils overlying Mesozoic rocks.

diStributi on over iGneouS rockS
Variable, intermediate to high (6.0–14.1 mg/kg) As concentrations are recorded in 

soils on the early Ordovician Tyrone Igneous Complex. Sorption of As to organic 

matter may account for a single isolated anomaly in peat substrate on the Tyrone 

Volcanic Group. At Slieve Gallion, elevated soil As is sourced in the Tyrone Volcanic 

Group in addition to conglomerate and sandstone of the early Carboniferous 

Iniscarn Formation.

Soils on the late Caledonian Newry Igneous Complex have low to intermediate 

(3.2–8.7 mg/kg) As concentrations, reflecting the low abundance of As in 

granodiorite. Relatively elevated As values towards the northeast part of the 

Complex may be correlated with sorption of As to organic matter in brown 

podzol soils.

Soils on the Palaeogene Mourne Mountains Complex have variable As levels 

from low to very high (4.0– >29.5 mg/kg). Near Slieve Donard, in the northeast 

part of the Eastern Mournes Centre, high As occurs in podzol and ranker soils 

near an outcrop of the G1 granite component. Felsite dykes in this area may 

provide a source of As. Northeast of Rostrevor in south Co. Down, a Hawick 

Group inlier within granite of the Western Mournes Centre may be the source of 

an As anomaly although elevated soil gold concentrations suggest a mineralisation 

related source of As.

On the outcrop of basalt lava of the Palaeogene Antrim Lava Group, two As 

distributions are proposed. A lowland group, with soil As ranging from below 

detection limit to intermediate levels (0.9– <8.7 mg/kg), and an upland group 

with As concentration ranging from intermediate to high (6.0–16.1 mg/kg). Soils 

north of the Tow Valley Fault in north Co. Antrim generally have intermediate As 

concentration. The occurrence of high As concentration in upland areas with peat 

cover over the Upper Basalt Formation cannot be readily explained. The proximity 

of As anomalies to the outcrop of the Interbasaltic Formation may suggest a 

potential geogenic source of As in this iron-rich lithology. High As concentration 

in peat may be related to sorption of As to organic matter.

anthropoGenic FactorS
No anthropogenic influence on the concentration or distribution of soil As has 

been observed.
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Cadmium (Cd)

Statistics

Samples 6862

Mean 0.50

Minimum <0.50

Median 0.50

Maximum 63.30

Std Deviation 0.80

Range 63.10

Minimum detectable value 0.50

Cadmium (Cd)

Shallow Soils

5-20 cm depth

-2 mm soil

XRF-WD

General diStribution
Cadmium (Cd) concentration in soil varies between detection limit (0.5 mg/kg) and 

63.3 mg/kg. The median value is 0.5 mg/kg and the interquartile range <detection 

limit–0.7 mg/kg. 57% of samples are below the detection limit.

The distribution of elevated Cd levels is correlated with topography, drainage, 

low pH, high soil organic matter content and sulphide mineral occurrences. It 

is proposed that the highest Cd values in soils in Co. Fermanagh are geogenic 

with a source in pyritiferous and organic-rich bedrock in the Carboniferous 

succession, while in south Co. Armagh they have an epigenetic mineralisation 

related source.

diStribution over MetaSediMentary rockS
Soils overlying Dalradian metamorphic rocks have very low Cd concentrations 

(<0.7 mg/kg). A band of northeast-southwest anomalies located over the outcrop 

of the Dart Formation in the Sperrin Mountains correlates with metabasite sills. 

West of Tirkane, northwest of Maghera on the eastern edge of the Dalradian 

outcrop, the orientation of the zone of Cd anomalies swings to the north and 

bedrock changes from metamorphic rock to basalt lava of the Palaeogene Antrim 

Lava Group. This zone occurs predominantly over an area of peat bog where 

chelation of Cd to organic matter may account for the observed anomalies.

At Slieveavaddy, west of Draperstown and southeast of Goles Forest, a 

high Cd (>1.0 mg/kg) anomaly in peat substrate near the contact of the Glenelly 

and Glengawna formations contains promontories of intermediate to high (0.7–

0.9 mg/kg) concentration. Gravity and hydromorphic dispersion control the 

geometry of these anomalies. On Mullaghcarn Mountain, northeast of Omagh, 

a high Cd (>1.0 mg/kg) anomaly in peat, brown podzol and podzol soils extends 

southeastwards and coincides with a zone of very high soil organic matter 

(>93% L.O.I.) and very low pH (<3.5), confirming a correlation of elevated Cd 

with soil composition and texture. At Killeter Forest in northwest Co. Fermanagh, 

intermediate to high (0.7–1.2 mg/kg) Cd anomalies are associated with peat 

substrates. Elevated soil Cd along the Pettigoe Fault is correlated with peat and 

humic ranker soils.

Over the Dalradian inlier in northeast Co. Antrim, a very high (>1.2 mg/kg) 

Cd anomaly located over the fault contact between the Glendun and Runabay 

formations may indicate a localised geogenic source as levels of As, Pb, Sb, Se, 

Sn, and Zn are also above the baseline concentration, evidence of a potential 

sulphide source. High soil organic matter content may create conditions of surficial 

accumulation of Cd in the presence of a low concentration geogenic source.

diStribution over SediMentary rockS
In Counties Down and Armagh, soils on the Lower Palaeozoic outcrop in the 

Southern Uplands-Down-Longford Terrane have uniformly low (<0.7 mg/kg) 

Cd concentration. The concentration and distribution of Cd is independent of 

lithostratigraphy and the types of superficial deposit and soil. In south Co. Armagh 

high to very high (0.9–63.3 mg/kg) soil Cd anomalies may indicate an epigenetic 

mineralisation source in an area of known base metal mineralisation. Several of 

the anomalies have subtle trends coincident with fault offsets of tract boundaries. 

Fault offsets concealed by overburden may account for other linear anomalies 

of indeterminate source.

Between Tandragee, and Creggan in south Co. Armagh a group of Cd 

anomalies in mineral gley soils form a NNE-SSW trending zone which also shows 

anomalies for As, Mo and Sb, consistent with a sulphide source. It is speculated 

that the sulphide mineralisation may be related to late stage magmatic hydrothermal 

fluids moving along a concealed fault splay of the Orlock Bridge Fault that extends 

south-southwest from Tandragee to Creggan. Airborne electromagnetic data 

provides supporting evidence for a concealed fault zone.

At Castlewellan in Co. Down, an area of low to high (0.6–1.2 mg/kg) Cd 

concentration in soils overlying the early Silurian Hawick Group may indicate 

the presence of sulphides near the contact with the Newry Igneous Complex. 

Elevated concentrations of As, Cu, Mo, Pb, Se, Sn, and Zn are also present. A 

very high (>1.2 mg/kg) Cd anomaly near Burren, southeast of Newry overlies 

the Hawick Group. Potential sources for this anomaly include the Newry Fault, 

the contact between the Newry Igneous Complex and the Hawick Group, a 

northwest-southeast fault, contact of the Hawick Group with the Gala 7+3 tract, 

or a combination of these features. Soils at this locality also have elevated As, 

Cu, Mo, Pb and Zn, indicative of a sulphide source.

A series of northwest-southeast trending low to intermediate concentration 

anomalies in soils of the Fintona Block in west Co. Tyrone coincide with Palaeogene 

dolerite dykes. The variable soil distribution of Cd in Co. Fermanagh reflects 

localised sources of Cd in organic-rich and pyritiferous Carboniferous bedrock. 

Environmental factors also influence Cd distribution, e.g., topography, soil pH 

and soil organic matter content. Cd concentration ranges from detection limit 

to >1.5 mg/kg. Cd anomalies occur in soil types with a range of pH and organic 

matter content, consistent with the dominance of geology on soil Cd values. 

There are no significant anomalies in soils on Mesozoic bedrock in northeast 

Co. Antrim.

diStribution over iGneouS rockS
Soils overlying the early Ordovician Tyrone Igneous Complex have a Cd concentration 

that ranges from 0.5–0.9 mg/kg. Zones of intermediate Cd concentration that 

occur over bedrock of the Tyrone Volcanic Group, east-southeast of the Omagh 

Thrust Fault and west of Davagh Forest Park are correlated with low pH organic-

rich soils. Elevated soil Cd at faults transecting the Copney Pillow Lava Formation 

of the Tyrone Volcanic Group may result from chelation of Cd in peat substrate. 

This area of elevated Cd values forms part of a larger anomaly that extends 

northwest to Carnanelly, where it overlies metamorphic rocks of the Dalradian 

Supergroup. Peat substrates on the Moinian Corvanaghan Formation in the 

Central Inlier in Co. Tyrone and the early Ordovician Tyrone Plutonic Complex 

(layered gabbro and ultramafics) have intermediate to very high Cd values (0.7– 

>1.5 mg/kg). Fault contacts and tectonic slides separating these lithologies may 

contribute to elevated Cd concentrations. At Slieve Gallion, groundwater humic 

gley soils have confined anomalies of intermediate to high concentration, possibly 

related to the contact of the overlying outlier consisting of the Cretaceous Ulster 

White Limestone Formation and Palaeogene Lower Basalt Formation.

All soil types overlying the late Caledonian Newry Igneous Complex and 

Palaeogene Slieve Gullion Complex have very low (<0.5 mg/kg) Cd concentration. 

A Cd anomaly on the summit of Slieve Gullion may have a source in granophyre 

bedrock. Northwest downslope dispersion results in elevated (0.5–0.6 mg/kg) 

soil Cd.

Soil Cd concentration and distribution is highly variable on the Mourne 

Mountains Complex, where it is correlated with the types of superficial deposit 

and soil as well as topography and drainage. Very high Cd levels (>1.2 mg/kg) 

occur in soils on Slieve Donard. Elevated As, Mo, Pb, Sb, Sn, and U are also 

present. A correlation with deposits of glacial till and ranker soils is observed. 

Felsite dykes intruding the G2 granite component of the Eastern Mournes Centre 

may provide a source of Cd, for example near Spelga Dam. Chelation of Cd 

to organic matter in brown podzols may account for high Cd in the vicinity of 

Tullymore Forest Park, with a possible dolerite dyke source.

Over basalt lava of the Palaeogene Antrim Lava Group on the Antrim Plateau 

in Co. Antrim and east Co. Londonderry, apart from intermediate (<0.9 mg/kg) 

to very high (>1.2 mg/kg) Cd levels in peat substrates, Cd concentration has 

no obvious correlation to the type of superficial deposit or soil type. Lowland 

soils have variable values ranging from very low (<0.5 mg/kg) to intermediate 

(<0.9 mg/kg). A zone of elevated soil Cd extending south-southwest from Grange 

Park Wood (west of Coleraine) to Donald’s Hill, on the western edge of the Antrim 

Plateau, correlates with an area of upland peat bog and elevated Pd and Pt levels 

in soil. A source of these elements in the concealed Interbasaltic Formation 

cannot be discounted.

anthropoGenic FactorS
No anomalies of anthropogenic source are observed.
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Calcium Oxide (CaO)
General diStribution
Calcium Oxide (CaO) concentration in soil varies between 0.30% and 16.33% with 

a median value of 0.85% and an interquartile range of 0.64–1.49%. CaO distribution 

in soils of Northern Ireland correlates with the composition of the underlying 

lithology and the textural and compositional characteristics of the overlying soil 

type. The highest values are found in soils overlying the Palaeogene basalt lava of 

the Antrim Plateau in Co. Antrim. High concentrations (>1%) are also observed in 

mineral gley soils on the Carboniferous succession in Co. Fermanagh where the 

diverse geology influences the distribution of CaO. The late Caledonian Newry 

Igneous Complex and Palaeogene Slieve Gullion Complex also have elevated 

CaO in soil. Moderate to high concentrations occur in soils overlying the Lower 

Palaeozoic outcrop in Counties Down and Armagh. Low CaO concentrations 

(<0.60%) occurring in areas of upland peat resting on Dalradian rocks in the 

Sperrin Mountains and northeast Co. Antrim and on granite of the Palaeogene 

Mourne Mountains Complex suggest a reduced correlation between bedrock 

type and CaO concentration in areas of peat accumulation. Sporadic high CaO 

anomalies throughout Northern Ireland may be caused by anthropogenic factors 

such as the use of artificial fertilisers and the application of agricultural lime.

diStribution over MetaSediMentary rockS
Soils overlying metamorphic rocks of the Dart, Glenelly, Glengawna and 

Mullaghcarn formations of the Southern Highland Group in the Sperrin Mountains 

have low CaO concentration (<0.60%). Very low CaO concentrations (<0.40%) 

are recorded in areas of peat bog throughout the mountains. Mineral gley 

and ranker soils present along valleys traversing the Sperrin Mountains have 

localised enrichment in CaO (0.60–1.49%). This is also observed in soils in the 

Newtownstewart to Castlederg and Killeter area in northwest Co. Tyrone. This 

enrichment in soil CaO may be derived from metabasite sills and the presence of 

limestone beds in the Dalradian bedrock in this area. An anthropogenic agricultural 

source may be involved.

Soils overlying Dalradian metamorphic rocks in northeast Co. Antrim have 

similar patterns to those of the Sperrin Mountains, with concentrations in the range 

0.30–1.93%. Mineral gley soils in river valleys record higher CaO concentrations 

relative to areas of upland peat. Localised enrichment of CaO occurs in mineral 

gley and humic ranker soils in the vicinity of metabasite intrusions and over the 

outcrop of the late Cretaceous Ulster White Limestone Formation.

diStribution over SediMentary rockS
Soils on the Lower Palaeozoic outcrop in the Southern Uplands-Down-Longford 

Terrane have intermediate values of 0.60–0.85%. Several high CaO anomalies are 

associated with occurrences of Palaeogene dolerite dykes. Soils with anomalously 

low CaO levels cannot be correlated with specific geological features.

In the Poyntzpass area, straddling the county boundary between Down and 

Armagh, a north-south zone of CaO enrichment (0.85–1.49%) overlies a glacial 

overflow channel that extends from Lough Neagh to Carlingford Lough and was 

active at the end of the Last Glacial Maximum. Elevated CaO in soils in the valley 

may be derived from glacially transported lithic debris, although the addition of 

lime to the farmland would affect the levels.

Humic ranker and mineral gley soils with elevated CaO (0.85–3.63%) are 

observed on the southern slopes of the Mourne Mountains, southeast of 

Rostrevor. The presence there of abundant Palaeogene dolerite dykes may 

account for the elevated CaO levels. A strong correlation is observed between 

elevated CaO levels and the presence of a thick cover of Quaternary glacial till and 

glaciofluvial sand and gravel. Glacial transport of rock debris from the northwest 

by the Poyntzpass Ice stream may have contributed to the levels of CaO in this 

area with material sourced from the Newry Igneous Complex.

North of Castlewellan in Co. Down, soils classified as brown earths show 

elevated CaO (>0.85%) levels and overlie rocks of the Lower Palaeozoic Hawick 

Group. These values are inconsistent with the regional trend of CaO levels over the 

Hawick Group (<0.85%) and may be related to anthropogenic input. Alternatively, 

a contribution of granodiorite glacial debris transported by the Banbridge Ice 

Stream (McCabe and Dunlop, 2006) may have contributed to the elevated soil 

CaO in this area.

In the vicinity of Armagh City intense faulting associated with the early 

Carboniferous Armagh Group (mainly limestone) and the Permian Enler Group 

(sandstone, conglomerate, siltstone and breccia) gives rise to high CaO values 

(>1.93%). Very high values (>3.17%) are associated with an outcrop of marl with 

gypsum and dolomitic limestone of the late Permian Belfast Group.

Soils overlying the early Carboniferous succession of the Ballyshannon 

Limestone, Bundoran Shale, Benbulben Shale and Dartry Limestone formations 

in the vicinity of Lower and Upper Lough Erne have elevated CaO values (>0.85%). 

Very high, possibly geogenic, CaO soil values (>3.63%) in south Co. Fermanagh 

are independent of superficial deposits and soil type and overlie the early 

Carboniferous Ballysteen (limestone and shale) and Drumgesh Shale formations 

in south Co. Fermanagh.

South of the Clogher Valley Fault, on the upland area of Slieve Beagh, low 

CaO values (<0.6%) occur in soils overlying the early Carboniferous Meenymore 

Formation (sandstone, shale and limestone). The presence of a thin cover of 

peat may account for the low values. Several localities with high (1.01–2.24%) 

to very high (>2.24%) CaO levels occur at or immediately north of the Clogher 

Valley Fault. The presence of thick deposits of glaciofluvial sand and gravel in 

the area suggests either a geogenic source for these anomalous values or an 

anthropogenic agricultural source.

Soils overlying Mesozoic rocks along the east coast of Co. Antrim have high 

CaO values consistent with the region. Locally, the presence of the Ulster White 

Limestone Formation may account for these values. Soils on the outcrop of the 

Palaeogene (Oligocene) Lough Neagh Group have CaO values that also fall within 

the range for basalt lava of the Palaeogene Antrim Lava Group. A small area on 

the west shore of Lough Neagh has reduced CaO concentration. This may be 

due to the presence of soils derived either from peat or from alluvial deposits.

diStribution over iGneouS rockS
There is a distinct contrast in CaO concentrations across the Omagh Thrust Fault, 

with low values in soils overlying Dalradian metamorphic rocks that outcrop north 

of the fault, and intermediate to high values in soils overlying the early Ordovician 

Tyrone Volcanic Group to the south (0.64–1.93%).

An extensive area of high CaO concentration (>1.01%) is coincident with 

granodiorite of the late Caledonian Newry Igneous Complex and the Palaeogene 

Slieve Gullion Complex. Very high CaO (>2.66%) values occurs in humic ranker 

and brown podzol soils overlying the Ca-rich Ultramafic-Intermediate Complex 

of Slieve Croob at the northeast end of the Newry Igneous Complex. In the 

Slieve Gullion Complex very high CaO values (>2.66%) occur adjacent to and 

downslope of dolerite sills.

Soils overlying granite of the Mourne Mountains Complex have low CaO 

concentrations (<0.6%) which decrease with increasing altitude suggesting the 

influence of environmental factors in CaO distribution, e.g., rainfall. Although the 

lowest values show correlation with peat substrates, the distribution of CaO does 

not correlate with variability in soil type.

Regionally, the highest values (>1.01%) for CaO occur over the Lower Basalt 

and Upper Basalt formations of the Antrim Plateau in Co. Antrim and east 

Co. Londonderry reflecting the high calcium content in basalt. The Lower Basalt 

Formation has the most extensive area of high CaO values, located south of the 

Tow Valley Fault, near Armoy, where a zone of very high CaO (>2.66%) values 

extends south towards Ballymena. It is not clear if the change in CaO levels across 

the Tow Valley Fault reflects an underlying geogenic source or variation in land 

use, with a change to more intensive agricultural practice south of the fault.

anthropoGenic FactorS
Several anomalies may be due to anthropogenic influence related to soil 

improvement practices, for example liming and the application of artificial 

fertiliser.

Statistics

Samples 6862

Mean 1.15

Minimum 0.30

Median 0.85

Maximum 16.33

Std Deviation 0.78

Range 16.03

Minimum detectable value 0.30

Calcium Oxide (CaO)

Shallow Soils

5-20 cm depth

-2 mm soil

XRF-WD
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Chromium (Cr)

Statistics

Samples 6862

Mean 131.00

Minimum 4.10

Median 94.10

Maximum 1228.80

Std Deviation 120.50

Range 1224.70

Minimum detectable value 3.00

Chromium (Cr)

Shallow Soils

5-20 cm depth

-2 mm soil

XRF-WD

General diStribution
Chromium (Cr) concentration in soil varies between 4.1 mg/kg and 1229 mg/kg. 

The median value is 94.1 mg/kg and the interquartile range 56.7–161.0 mg/kg. 

The distribution of Cr is almost identical to that of nickel and reflects their similar 

geochemical characteristics. Both elements are enriched in mafic and ultramafic 

rocks and often co-exist with Co, Pd and Pt in the same type and style of 

mineralisation.

Highest soil Cr concentrations occurs over basalt lava of the Palaeogene 

Antrim Lava Group. Soils on Lower Palaeozoic bedrock in the Southern Uplands-

Down-Longford Terrane in Counties Down and Armagh show intermediate to 

high concentrations. Soils overlying Dalradian metamorphic bedrock have low to 

intermediate values, with evidence for a correlation of Cr to soil type. Palaeogene 

dolerite dyke intrusions into Carboniferous bedrock in south Co. Fermanagh 

provide a local geogenic source of Cr. Peat substrates generally have low Cr on 

all lithologies, with the exception of the basalt lava on the Antrim Plateau.

diStribution over MetaSediMentary rockS
Soils overlying the Dart, Glenelly, Glengawna and Mullaghcarn formations of 

the Dalradian Supergroup in the Sperrin Mountains have low to intermediate 

(7.1–78.7 mg/kg) Cr concentrations. Lowest Cr (<9.6 mg/kg) concentration occurs 

in peat substrates on mountainous terrain although mineral gley and podzol 

soils in river valleys have elevated (49.1–78.7 mg/kg) Cr levels relative to peat 

substrate. Localised Cr anomalies (>94.1 mg/kg) are geogenic in origin and are 

possibly derived from metabasite sills or the outcrop of metalimestones in the 

Dalradian succession.

High (>94.1 mg/kg) Cr anomalies present along the Omagh Thrust Fault 

may indicate localised mineralisation. In northeast Co. Antrim, the lowest Cr 

concentrations occur over peat substrate on the highest ground. Elevated Cr 

concentration in groundwater humic gley and humic ranker soils in the catchment 

of the Glendun River suggests a higher correlation of Cr to soil type than bedrock 

geochemistry.

diStribution over SediMentary rockS
Intermediate (>49.1 mg/kg) to high (245 mg/kg) Cr concentration is found in soils 

overlying Lower Palaeozoic bedrock in Counties Down and Armagh. A gradual 

increase in Cr values is observed successively in the Gilnahirk Group, Gala 3, 

Gala 4, Gala 5 and Gala 6 lithostratigraphical tracts. This pattern of elevated Cr 

may reflect variations in the primary composition of the underlying dominantly 

greywacke bedrock. Alternatively, glacial deposition of surficial materials from 

a Cr-rich source such as the basalt lava of the Palaeogene Antrim Lava Group, 

located to the northwest, may account for the elevated values.

At the northwest end of the St. John’s Point-Lisburn swarm of Palaeogene 

basic dykes is a Cr anomaly (161–245 mg/kg). Mineral gley, brown earth and 

ranker soils overlying the northeast part of the Hawick Group, in southeast 

Co. Down, have high Cr (110.4–161 mg/kg) concentrations. The presence of 

abundant late Caledonian lamprophyre dykes, and the occurrence of galena, 

pyrite, and chalcopyrite, may contribute to elevated Cr. On the Mourne Plain, 

southeast of the Mourne Mountains, low (24.9 mg/kg) to intermediate (94.1 mg/kg) 

Cr values are found in diverse soil types overlying thick deposits of glaciofluvial 

sand and gravel.

Over the Fintona Block in Counties Tyrone and Fermanagh, the highest Cr 

values are recorded in mineral gley soils on the Devonian Shanmullagh Formation 

and the early Carboniferous Ballinamallard Mudstone Formation. A source from 

Palaeogene dolerite dykes is proposed for these high Cr anomalies. Near Armagh 

City, soils on the early Carboniferous Armagh Group (limestone, shale, sandstone) 

have high (>110.4 mg/kg) Cr values which may have been glacially transported from 

the adjacent outcrop of the Lower Basalt Formation. In Co. Fermanagh and south 

Co. Tyrone, soils on Carboniferous bedrock show a range of Cr concentrations 

from low (4.1 mg/kg) to high (161 mg/kg). A zone of high Cr (>94.1 mg/kg) to the 

west and southwest of Enniskillen, in Co. Fermanagh, in mineral gley and ranker 

soils is correlated with the presence of two Palaeogene dolerite dykes which 

extend for several kilometres in this area.

On the northern margin of Upper Lough Erne, a Palaeogene dolerite dyke 

provides a source of Cr. On Slieve Beagh, south of the Clogher Valley Fault, on 

Cuilcagh Mountain and on the Fermanagh Highlands, low (<9.6 mg/kg) Cr in soils 

is generally correlated with peat substrates. Mesozoic bedrock along the coastal 

fringe in east Co. Antrim does not show a contrasting soil Cr signature to adjacent 

soils overlying basalt lava of the Antrim Lava Group on the Antrim Plateau.

diStribution over iGneouS rockS
Soils on the early Ordovician Tyrone Igneous Complex have low (7.1 mg/kg) to 

intermediate (94.1 mg/kg) Cr concentration. A high concentration (>110.4 mg/kg) 

anomaly in mineral gley and podzol soils northwest of Cookstown, may be sourced 

from layered gabbro and ultramafic bedrock of the Tyrone Plutonic Complex. On 

Slieve Gallion, a localised Cr anomaly is derived from an outlier of the Palaeogene 

Lower Basalt Formation.

Soils on the late Caledonian Newry Igneous Complex have low (9.6 mg/kg) 

to high (161 mg/kg) Cr values which are generally independent of the type of 

superficial deposit or soil. An area of low Cr values extending southwest from 

Rathfriland to Newry demonstrates good correlation to brown podzol and ranker 

soils. In the northeast part of the Complex, high Cr in humic ranker and brown 

podzol soils over the Ultramafic-Intermediate Complex on Slievegarran suggests 

a local geogenic source. Over the Palaeogene Slieve Gullion Complex, low Cr 

(<40 mg/kg) values are present in brown podzol soils within the central ring dyke. 

Low Cr (<24.9 mg/kg) values over the Palaeogene Mourne Mountains Complex 

reflect the low natural abundance of Cr in granite.

The most spatially extensive area of high (>94.1 mg/kg) to very high 

(>375.5 mg/kg) Cr occurs in soils overlying basalt lava of the Palaeogene Antrim 

Lava Group on the Antrim Plateau. Cr distribution is independent of the type 

of superficial deposit and soil although values in peat substrate are generally 

high to very high. There is minimal difference between Cr values over the Lower 

Basalt and Upper Basalt formations. Northeast of Ballymoney there is a change 

in the concentration of Cr across the Tow Valley Fault with higher values typical 

of the Lower Basalt Formation, south of the fault. Southwest of Ballymoney 

there is no difference in Cr concentration across the fault. A zone of very high Cr 

(>375.5 mg/kg) extends from Kilraghts, east of Ballymoney, south-southeast to 

near Clogh. Near Clogh Mills, the anomaly is coincident with a fault which may 

influence the concentration of Cr in this area.

Very high (>375.5 mg/kg) values of Cr occur west of Larne and show a minor 

correlation with brown earth soils. The Cr anomalies are often located at or near 

the outcrop, and possible source, of the Palaeogene Interbasaltic Formation. 

On the eastern margin of the Antrim Plateau at Scawt Hill, an extensive area of 

very high (>480.2 mg/kg) Cr values in ranker, groundwater humic gley and brown 

earth soils extends westwards across the Ballytober Fault and terminates near 

Aughaboy mountain.

West of Coleraine in Co. Londonderry, very high Cr soil (>375.5 mg/kg) 

anomalies occur parallel to the western edge of the Antrim Plateau and parallel 

to the contact of the basalt lava with adjacent Mesozoic bedrock. Peat 

substrates also have very high Cr concentration. However, in general, only the 

central portions of peat occurrences have characteristically low to intermediate 

Cr values. Concomitant Pd and Pt anomalies in this area suggest potential 

PGE prospectivity.

anthropoGenic FactorS
No anomalies related to anthropogenic sources of Cr have been recognised.
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Copper (Cu)

Statistics

Samples 6862

Mean 39.70

Minimum <1.30

Median 31.60

Maximum 1510.10

Std Deviation 38.10

Range 1510.10

Minimum detectable value 1.30

Copper (Cu)

Shallow Soils

5-20 cm depth

-2 mm soil

XRF-WD

General diStribution
Copper (Cu) concentration in soil varies between the detection limit (1.3 mg/kg) 

and 1,510 mg/kg. The median value is 31.6 mg/kg and the interquartile range 

18.6–49.5 mg/kg.

Soils on basalt lava of the Palaeogene Antrim Lava Group have the highest 

values of Cu, which may have been sourced from the Interbasaltic Formation. Soils 

on Lower Palaeozoic bedrock in Counties Down and Armagh have intermediate 

(>15.5 mg/kg) to high (83.5 mg/kg) Cu values with more extensive anomalies at 

localities with known occurrences of galena, chalcopyrite and pyrite. Variable Cu 

concentration is typical of soils in the western part of Northern Ireland. Over the 

Dalradian outcrop, metabasite sills are local geogenic sources of Cu.

diStribution over MetaSediMentary rockS
Over the Dalradian outcrop in the Sperrin Mountains, low (2.4 mg/kg) to 

intermediate (31.6 mg/kg) Cu concentrations are found in soils overlying the 

Dart, Glenelly, Glengawna and Mullaghcarn formations. Peat substrates record 

the lowest Cu concentration in this area. Mineral gley and podzol soils in mountain 

valleys have intermediate (>15.5 mg/kg) to occasionally high (>36.9 mg/kg) Cu 

levels suggesting a correlation with soil type and/or anthropogenic factors, 

including farming.

Isolated high Cu concentration anomalies throughout the Sperrin Mountains 

demonstrate a close association with metalimestones and metabasite sills in 

the Dalradian succession. In the north Sperrins, at Altahullion Hill (southeast of 

Londonderry), a Cu anomaly (>83.5 mg/kg) in peat occurs near the outcrop of a 

metabasite sill. High (>36.9 mg/kg) Cu anomalies also occur around Loughermore 

and show a minor correlation with brown earth and alluvium soils.

Near Castlederg in northwest Co. Tyrone, several anomalies occur in an area 

with occurrences of chalcopyrite, pyrite and sphalerite. Peat substrates around 

Killeter Forest have low Cu concentration. Intermediate to high (15.5–67.5 mg/

kg) Cu values in soils along the Omagh Thrust Fault suggest a geogenic source 

associated with gold, pyrite, galena and malachite occurrences.

In northeast Co. Antrim soil Cu concentrations range from low (3.1 mg/kg) 

to intermediate (31.6 mg/kg). The distribution of Cu is not correlated with the 

type of superficial deposit or soil, with the exception of slightly elevated Cu in 

humic ranker and mineral gley soils near Cushendall. Peat substrates have low 

Cu concentration. High concentration anomalies (>36.9 mg/kg Cu) south of 

Ballycastle occur in proximity to metabasite sills in the Dalradian succession.

diStribution over SediMentary rockS
Soils overlying Lower Palaeozoic bedrock in the Southern Uplands-Down-

Longford Terrane in Counties Down and Armagh show Cu values ranging from 

intermediate (15.5 mg/kg) to high (83.5 mg/kg). Isolated anomalies (>83.5 mg/kg) 

occur throughout the region but generally lie near known mineral occurrences, 

especially in the South Armagh-Monaghan Mining District. Distribution of Cu 

across the Lower Palaeozoic Terrane is variable, with only minor correlation to 

the type of superficial deposit or soil as seen in the low levels in humic ranker and 

brown podzols in the vicinity of Slieve Croob. Near Castlewellan, an extensive 

north-south zone of high Cu (>36.9 mg/kg) is correlated with brown earth soils 

and occurrences of pyrite, galena and hematite.

In Counties Armagh and Down, a subtle NNW-SSE orientation to anomalies 

may correspond to the dominant direction of ice flow during the Last Glacial 

Maximum. Minor correlation of high Cu values with the outcrop of Palaeogene 

basic dykes and the Ordovician-Silurian Moffat Shale Group is evident. A line of 

coincident Cu anomalies (>36.9mg/kg) follows the outcrop of the St. John’s Point-

Lisburn swarm of Palaeogene basic dykes, such as northwest of Drumaness. 

Sandy ranker soils in Dundrum Bay have low (<11.6 mg/kg) Cu concentration, 

possibly due to low retention capacity for trace elements in this substrate.

In south Co. Armagh soil Cu anomalies are sourced from chalcopyrite and 

pyrite occurrences and base metal mineralisation in the South Armagh-Monaghan 

Mining District. Near Armagh City high (>49.5 mg/kg) Cu values in soils overlying 

the early Carboniferous Armagh Group may be the result of dispersion from the 

adjacent outcrop of the Palaeogene Lower Basalt Formation or may have been 

sourced from mudstone beds in the Carboniferous succession.

In south Co. Tyrone and Co. Fermanagh soil Cu anomalies occur over a diverse 

range of bedrock geology. Many of the anomalies are spatially confined and of 

geogenic, or possibly anthropogenic, origin. The lowest Cu values are recorded 

over peat substrates on the Fermanagh highlands. In Co. Fermanagh, many 

localised anomalies occur in soils overlying the outcrop of the early Carboniferous 

Bundoran Shale and Benbulben Shale formations, confirming discrete sources 

of Cu in organic-rich mudstone. Several soil Cu anomalies on the Ballyshannon 

Limestone and the Mullaghmore Sandstone formations may originate due to 

downslope dispersion from overlying mudstone formations.

Northwest of Enniskillen, a north-south Cu anomaly in mineral gley and 

ranker soils may have be sourced either from a Palaeogene dolerite dyke or the 

Benbulben Shale Formation. In the Fintona Block, extensive high concentration 

(>36.9 mg/kg) anomalies over the Devonian Shanmullagh Formation and the 

early Carboniferous Ballinamallard Mudstone Formation also correlate with the 

occurrence of Palaeogene dolerite dykes.

diStribution over iGneouS rockS
Cu levels range from low (min) to high (67.5 mg/kg) in mineral gley, humic ranker 

and podzol soils overlying the early Ordovician Tyrone Igneous Complex. Areas 

of low Cu concentration generally coincide with occurrences of peat substrates 

which may mask the underlying geogenic signature. A very high (>105.2 mg/kg) 

Cu anomaly east of Carrickmore may be sourced in layered gabbro and ultramafic 

bedrock of the Tyrone Plutonic Group.

Soils overlying the late Caledonian Newry Igneous Complex have intermediate 

(18.6 mg/kg) to high (83.5 mg/kg) Cu concentrations. Distribution of Cu is variable, 

with minor correlation of high values to brown podzol and brown earth soils. 

Anomalies in the area between Rathfriland and Ballyward display a roughly 

northwest-southeast alignment parallel to the dominant direction of ice flow 

during the Last Glacial Maximum. Southwest of Rathfriland, the Cu distribution 

is an approximately northeast-southwest. Over the Palaeogene Slieve Gullion 

Complex soil Cu anomalies are sourced from dolerite sill outcrops. Soils overlying 

the Mourne Mountains Complex have low Cu values (<15.5 mg/kg), reflecting 

the natural baseline of Cu in granite bedrock. A high concentration anomaly 

(>31.6 mg/kg) near Slievelamagan, in the Eastern Mournes Centre, may be 

sourced in felsite or dolerite dykes. Molybdenite occurrences are recorded in 

this area. A localised, very high, concentration (>105.2 mg/kg) anomaly in mineral 

gley soils on the G3 granite in the Eastern Mournes Centre, west of the Silent 

Valley reservoir, may be sourced at the G3-G4 contact.

The most extensive area of high (>36.9 mg/kg) to very high (>105.2 mg/kg) 

Cu occurs in all soil types overlying basalt lava of the Palaeogene Antrim Lava 

Group on the Antrim Plateau in Co. Antrim and east Co. Londonderry. The 

distribution patterns of Cu have low correlation to the type of superficial 

deposits or soil, with the exception of peat. West of Coleraine, peat substrate 

on mountain summits contains low Cu levels. In general, peat substrates have 

high to very high Cu concentrations, with only the central portion of the peat 

deposit showing characteristically low concentration. There is no difference 

between Cu values over the Lower Basalt and Upper Basalt formations. Subtle 

Cu anomalies follow a splay of the Tow Valley Fault that extends south from 

Ballymoney, though the Cu anomalies are not as conspicuous as other elements 

such as Ni. A compartmentalised northwest-southeast anomaly of geogenic 

origin extends from the Tow Valley Fault southeast towards Broughshane, where 

it terminates at the Carnlough Fault. It demonstrates a minor correlation to brown 

earth soils and is the most extensive area of very high soil Cu concentrations 

(>105.2 mg/kg) in Northern Ireland. In this region lineaments (north-south curvi-

linear, and northwest-southeast) imaged by airborne geophysics are considered 

to be faults, a relationship between Cu anomalies and fault surfaces is inferred. 

Near Broughshane, very high (>130.2 mg/kg) Cu anomalies near outcrops of the 

Interbasaltic Formation suggest a local geogenic source for the Cu.

anthropoGenic FactorS
No anthropogenic sources of Cu have been defined in this survey.



72

See page 41 

for an account 

of how the 

geochemical 

images and 

statistical 

diagrams are 

generated and 

for sources of 

statistical data. 

See pages 42-43 

for a guide to the 

interpretation of 

the geochemical 

data.

A transparent 

overlay showing 

topographic 

features of the 

area may be 

found inside the 

back cover of 

this volume.



A guide to the Tellus data

73

Gold (Au)
General diStribution
Gold (Au) soil concentrations (35–50 cm depth) vary between the detection limit 

(2.0 µg/kg) and 283.3 µg/kg. The median value is less than the detection limit 

and the interquartile range <detection limit to 2.1 µg/kg.

The most extensive area of high (>5.7 µg/kg) to very high Au values occurs 

in soils over Dalradian metamorphic rocks in Counties Tyrone and Londonderry 

and is both fault related and bedrock controlled.

Low (~2 µg/kg) to very high (>15.4 µg/kg) values in south Co. Armagh 

reinforce the potential Au prospectivity of the South Armagh-Monaghan Mining 

District. Sporadic anomalies along the trace of the St. John’s Point-Lisburn 

swarm of Palaeogene basic dykes, and a continuous zone of Au anomalies 

west of Newtownards suggest potential prospectivity. In northwest Co. Antrim, 

an area of anomalous soil Au values with concomitant Pd and Pt anomalies 

suggests potential PGE prospectivity. There is no correlation of Au concentration 

or distribution with soil type.

diStribution over MetaSediMentary rockS
Numerous soil Au anomalies occur over the outcrop of the Dart, Glenelly, 

Glengawna and Mullaghcarn formations of the Southern Highland Group in the 

Sperrin Mountains. Two types of elevated Au anomaly are recognised. These 

include continuous zones and isolated, single site anomalies, which may be 

the result of localised geogenic sources, the nugget effect or be derived from 

anthropogenic sources.

Several Au anomalies (>5.7 µg/kg) over the Dart and Dungiven formations are 

spatially correlated with the outcrop of metabasite sills in the succession. Isolated 

Au anomalies in the Glenelly Formation reflect localised geogenic occurrences. 

North of Crocknamoghill, near the southern edge of the Sperrin Mountains, a 

northeast-southwest band of elevated Au values is coincident with the outcrop 

of the auriferous Glengawna Formation. A zone of east-west trending faults at 

Crocknamoghill is associated with high Au values (>5.7 µg/kg), consistent with 

the presence of known economic grade Au mineralisation at Curraghinalt. In the 

fault-bounded Lack Inlier in southwest Co. Tyrone peat, groundwater humic gley 

and mineral gley soils overlying the Mullaghcarn Formation, show intermediate 

(>2.8 µg/kg) to very high (>15.4 µg/kg) Au concentrations close to the Omagh 

Thrust Fault.

Soils on the Dungiven Formation near Newtownstewart and Baronscourt 

Forest have sporadic low (<2.8 µg/kg) to very high (>15.4 µg/kg) Au anomalies. 

These are presumed to derive from localised geogenic sources but their proximity 

to metabasite sills, fault zones and lithological contacts suggests that there may 

be other potential sources. In the Castlederg-Killeter area, Au anomalies of low 

(<2.8 µg/kg) to very high (>15.4 µg/kg) concentration demonstrate a correlation 

with various bedrock lithologies and structures.

In the Dalradian outcrop in northeast Co. Antrim, sporadic Au anomalies 

(2.1–15.4 µg/kg) over the Owencam Formation may originate from metabasite 

intrusions.

diStribution over SediMentary rockS
Sporadic Au anomalies (>2 µg/kg) occur across Lower Palaeozoic bedrock in 

the Southern Uplands-Down-Longford Terrane in Counties Down and Armagh. 

Several anomalies have a subtle northwest-southeast orientation parallel both to 

the direction of ice flow during the Quaternary Last Glacial Maximum, and to the 

trend of faults that offset tract boundaries. Clusters of anomalies, which occur 

along the St. John’s Point-Lisburn swarm of Palaeogene basic dykes also coincide 

with elevated As, Cu, Mo, Sb, and Sn levels, together forming a suite of elements 

consistent with a magmatic hydrothermal mineralisation style.

In north Co. Down, extensive Au anomalies in mineral gley, ranker, and brown 

earth soils occur in the area enclosing Holywood, Dundonald and Newtownards, 

and extending south to Comber. The anomalies occur over the outcrop of Lower 

Palaeozoic rocks in Gala Tract 4 and over the early Triassic Sherwood Sandstone 

Group. The highest Au concentrations occur near faults that offset the Lower 

Palaeozoic tract boundaries.

A zone of soil Au anomalies extending along strike from northwest of 

Ballynahinch in central Co. Down to Ballygowan, may be correlated with the 

northern boundary of Gala Tract 7 and faults offsetting that boundary. The Au 

anomalies also occur with elevated soil As, Cd, Cu, Fe, Mo, Pb, Sb and U, 

suggesting either a source either from hydrothermal fluids or in the organic-rich 

Moffat Shale Group.

A 20 km long WNW-ESE zone of anomalous Au values between Warrenpoint 

and Kilkeel in south Co. Down occurs over the Lower Palaeozoic Hawick Group 

in humic ranker, mineral gley, brown podzol and brown earth soils. The Au 

distribution appears to indicate glacial dispersion from a geogenic source that may 

be located close to the northeast-southwest trending Leitrim Valley and Kilbroney 

Valley faults. The anomaly extends into soils overlying the G4 granite component 

of the Western Mournes Centre of the Palaeogene Mourne Mountains Complex. 

Potential Au sources may thus include the movement of hydrothermal fluids along 

the contact between the Hawick Group and Mourne Mountains Complex as well 

as Palaeogene dolerite dykes that intrude the Hawick Group.

Two zones, with geographically extensive Au anomalies that are not correlated 

with soil type, are identified in the South Armagh-Monaghan Mining District. Both 

zones are associated with occurrences of base metal sulphide minerals including 

galena, pyrite and chalcopyrite. An epigenetic sulphide mineralisation source 

of Au is proposed. The southern zone covers the area from Newtownhamilton 

and Cullaville in the west to Tullydonnell in the east, while the northern zone 

extends 25 km to the northeast from north of Keady, through Tassagh to Clare. 

The northern margin of the northern zone coincides with the trace of the Orlock 

Bridge Fault, suggesting a possible genetic relationship.

There are no anomalies of significance in soils over Mesozoic rocks.

diStribution over iGneouS rockS
Numerous and extensive Au anomalies occur in soils over the early Ordovician 

Tyrone Igneous Complex. High Au (>5.7 µg/kg) anomalies are found over the 

main tonalite intrusion in the Complex, over the Tyrone Volcanic Group (basaltic 

andesite to rhyolite composition) and over the granite plutons. Anomalies are also 

present in soils on layered gabbro and ultramafic rocks of the Tyrone Plutonic 

Group. Au anomalies at Slieve Gallion are associated with a range of soil types 

and lithologies.

Isolated Au anomalies over the late Caledonian Newry Igneous Complex 

and the Palaeogene Slieve Gullion Complex are of indeterminate source, and 

may relate to local geogenic or anthropogenic sources. Rare, single-site Au 

anomalies over the Palaeogene Mourne Mountains Complex suggest a geogenic 

source either in dolerite dykes that intrude the granite or directly from the granite 

plutons.

Over the outcrop of the Upper Basalt Formation of the Palaeogene Antrim 

Lava Group, on the northwest side of the Tow Valley Fault near Armoy in northeast 

Co. Antrim, a zone of anomalous Au concentration may be related to the fault line. 

A Au anomaly present southeast of this fault can be traced southwards along the 

unconformity between the Sherwood Sandstone Group and metamorphic rocks 

of the Dalradian Supergroup. A northeast-southwest zone of elevated Au near 

Templepatrick in southeast Co. Antrim may be associated with the Sixmilewater 

Fault. The most extensive area of anomalous Au values (2.1–10.8 µg/kg) in soils 

over the Antrim Lava Group occurs in northwest Co. Antrim, in the vicinity of 

Ringsend, Aghadowey, Garvagh and northwards to Milltown. There is no obvious 

geogenic source that would account for these anomalies in peat, groundwater 

humic gley and mineral gley soils. Superficial deposits types comprise peat and 

glacial till with bedrock at or near surface. The area has extensive soil Pd and 

Pt anomalies. Elevated As, Cd, Cr, Ni, Pb and Sb concentrations in this area 

corroborate potential prospectivity for sulphide hosted PGE mineralisation.

anthropoGenic FactorS
Au anomalies, considered to be anthropogenic in origin, have been identified 

at Coleraine, Maghera, Ballymena, Downpatrick, Newry, Armagh, Lurgan, 

Portadown, Dungannon, Omagh, Lisnaskea, Strabane, New Buildings, 

Londonderry and Enniskillen.

Statistics

Samples 6848

Mean 2.00

Minimum <2.00

Median <2.00

Maximum 283.30

Std Deviation 5.70

Range 281.30

Minimum detectable value 2.00

Gold (Au)

Deep Soils

35-50 cm depth

-2 mm soil

Lead Fire Assay/ICP-MS
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Iron Oxide (Fe2O3)

Statistics

Samples 6862

Mean 4.65

Minimum 0.30

Median 4.19

Maximum 42.25

Std Deviation 2.85

Range 41.95

Minimum detectable value 0.05

Iron Oxide (Fe2O3)

Shallow Soils

5-20 cm depth

-2 mm soil

XRF-WD

General diStribution
Iron Oxide (Fe2O3) concentration in soil varies between 0.3% and 42.25%, 

the median value is 4.19% and the interquartile range 2.79–5.69%. Soil Fe2O3 

distribution correlates with geology and with the types of superficial deposit 

and soil.

The highest Fe2O3 values occur in soils overlying basalt lava of the 

Palaeogene Antrim Lava Group, where uniformly high (5.69%) to very high 

(41.67%) concentrations are observed. High soil Fe2O3 values (>4.19%) are 

found on Lower Palaeozoic bedrock in Counties Down and Armagh. Soils on 

the Carboniferous succession in Co. Fermanagh also have elevated Fe2O3. Over 

Dalradian metamorphic bedrock the distribution of Fe2O3 is correlated with soil 

type. In the Sperrin Mountains and in northeast Co. Antrim, the Dalradian outcrop 

shows low (0.42%) to intermediate (4.19%) Fe2O3 concentrations. Upland peat 

substrates record the lowest values in Northern Ireland.

diStribution over MetaSediMentary rockS
In the Sperrin Mountains, Fe2O3 values in soils overlying the outcrop of the Dart, 

Glenelly, Glengawna and Mullaghcarn formations range from low to intermediate 

(c. 3.66%). Isolated, high concentration, anomalies (>4.19%) may be caused by 

local variation in soil type, or an anthropogenic source. High Fe2O3 concentration 

(>5.69%) occurs in humic ranker soils. Peat substrates in the Sperrin Mountains 

record low values (<1.35% Fe2O3). In contrast, mineral gley and podzol soils in 

valleys have intermediate (>2.46%) to high (<7.85%) concentrations.

Soils in west Co. Tyrone have intermediate (2.79%) to high (7.85%) values in 

brown podzol, mineral gley and organic-rich soil. Concentrations >4.71% Fe2O3 

have been observed in soils in the vicinity of metabasite sills, with humic ranker 

soils recording very high concentration (>11.24%). However, where the substrate 

is peat, the elevated Fe2O3 concentrations are not always observed, because of 

the masking effect.

Soils overlying the outcrop of the Claudy and Ballykelly formations on the 

north flank of the Sperrin Mountains, have variable Fe2O3 levels that reflect the 

diverse soil types and superficial deposits. Intermediate (2.79%) to high (9.13%) 

values are present in mineral gley and brown earth soils. High concentrations 

(>4.19%) near Londonderry City are associated with brown earth soils and may 

reflect an anthropogenic input.

Soils covering the Dalradian bedrock in northeast Co. Antrim show a range 

of Fe2O3 concentrations (0.30–7.85%), similar to the Sperrin Mountains. Near 

Cushendun, high Fe2O3 concentration (4.19–7.85%) occurs in humic ranker soils 

in the catchment of the Glendun River.

diStribution over SediMentary rockS
Fe2O3 concentration ranges from intermediate (2.79%) to high (7.85%) in soils 

on Lower Palaeozoic bedrock in Counties Down and Armagh. The distribution 

can be divided into two patterns. A variable pattern of localised anomalies 

reflecting the variability of the superficial deposits and soils, with a possible 

input from agricultural sources. The alternative pattern defines extensive areas 

of anomalously high (4.71–7.85%) soil Fe2O3 that correlate with the extent of 

mineral gley and brown earth soils, with a possible contribution from bedrock 

at or near surface.

The zone of anomalously high Fe2O3 levels extending northwest through 

Ballynahinch to Lisburn shows a clear correlation with the orientation of 

the St. John’s Point-Lisburn swarm of Palaeogene basic dykes, and is thus 

geogenic.

In the Fintona Block in west Co. Tyrone, soils overlying the Devonian 

Shanmullagh Formation show variable, intermediate to high (2.79–7.85%) Fe2O3 

levels and although the correlation with different types of superficial deposit and 

soils is poor, there is a correlation with the outcrop of Palaeogene basic dykes. 

A continuous zone of high Fe2O3 values (>4.19%) in soils overlying the outcrop 

of the early Carboniferous Ballinamallard Mudstone Formation may also be 

correlated with the occurrence of Palaeogene basic dykes in this area. Soils with 

intermediate to high (2.79– >7.85%) concentration occur over the Carboniferous 

succession in southwest Co. Fermanagh and although the high values are present 

in continuous zones there is no definite correlation with bedrock lithology. Soils 

overlying the Benbulben Shale Formation west-southwest of Enniskillen have 

high Fe2O3 concentrations (>4.19%), whereas, in southeast Co. Fermanagh, soils 

on the same formation have low (<2.46%) values despite the presence of similar 

types of superficial deposits and soil in the two areas. There is still a strong 

correlation between high soil Fe2O3 values and the occurrence of Palaeogene 

basic dykes.

Northwest of Enniskillen, the occurrence of Palaeogene basic dykes intruding 

the early Carboniferous succession correlates with high Fe2O3 values, although 

the presence of pyrite in limestone and mudstone bedrock may also contribute 

to these values.

diStribution over iGneouS rockS
Soils on the early Ordovician Tyrone Volcanic Complex have highly variable Fe2O3 

concentrations (0.47–7.85%). Peat substrate may account for the WNW-ESE 

trending zone of low Fe2O3 (0.42–2.46%). High concentrations (4.71–7.85%) at 

Carrickmore may be related to an anthropogenic source.

The late Caledonian Newry Igneous Complex has low to intermediate (2–

3.66%) Fe2O3 concentrations, in contrast to intermediate to high (2.79–7.85%) 

values in soils overlying the host Lower Palaeozoic bedrock. On the northwest side 

of the Newry Igneous Complex there is an increase in soil Fe2O3 towards the outer 

margin. This may reflect a primary compositional variation within the granodiorite 

or the effect of ice flow directions during the Last Glacial Maximum. Correlation 

is poor between Fe2O3 levels and variation in the type of superficial deposits 

or soils. Soils in the vicinity of Seeconnell and Slievegarran at the northeast 

margin of the complex have high Fe2O3 concentrations (4.19–7.85%) over bedrock 

of the Ultramafic-Intermediate Complex. High soil Fe2O3 (4.19–7.85%) on the 

Palaeogene Slieve Gullion Complex may be derived from outcropping dolerite 

sills with downslope and hydromorphic dispersion.

The most extensive area of high to very high (4.71–41.67%) soil Fe2O3 

concentration is found on the Antrim basalts. Fe2O3 concentration in soils on 

Lower Basalt Formation generally ranges 4.71% to 11.24%, whilst soils on 

Upper Basalt Formation range 4.71% to 41.67%. A strong contrast in soil Fe2O3 

concentration is observed across boundaries of the Antrim basalt with adjacent 

lithologies, e.g., Cookstown to Maghera. Further north (east of Limavady) elevated 

values in soils on Mercia Mudstone Group indicate dispersion of Fe2O3 from the 

adjacent Upper Basalt Formation. Low Fe2O3 concentration occurs in peat and 

alluvium soils in this area, with several low concentration anomalies (1.35–4.71%) 

along the Bann Valley. East of Ballymena peat substrates on hill tops have low 

Fe2O3 concentration.

Compartmentalisation of soil Fe2O3 levels are observed over the outcrop of 

the Palaeogene Antrim Lava Group on the Antrim Plateau. An area of high to 

very high (9.13–41.67%) concentrations covering the outcrop of the Lower Basalt 

Formation extend south of the Tow Valley Fault to Ballymena, west to Rasharkin, 

and eastwards to the unconformity with the outcrop of Dalradian metamorphic 

rocks. The western boundary of this area is coincident with a aeromagnetic 

anomaly that extends south from Ballymoney through Rasharkin and Aghoghill 

to Randalstown. West of the Bann Valley there is a disparity between soil Fe2O3 

values and the known geology of the Antrim Lava Group. In this area soils show 

Fe2O3 levels that more typical of the Upper Basalt Formation rather than the 

Lower Basalt Formation.

anthropoGenic FactorS
No anthropogenic influences on the distribution of Fe2O3 are observed.



76

See page 41 

for an account 

of how the 

geochemical 

images and 

statistical 

diagrams are 

generated and 

for sources of 

statistical data. 

See pages 42-43 

for a guide to the 

interpretation of 

the geochemical 

data.

A transparent 

overlay showing 

topographic 

features of the 

area may be 

found inside the 

back cover of 

this volume.



A guide to the Tellus data

77

Lead (Pb)

Statistics

Samples 6862

Mean 41.70

Minimum 2.20

Median 28.80

Maximum 18756.80

Std Deviation 38.10

Range 18754.60

Minimum detectable value 1.30

Lead (Pb)

Shallow Soils

5-20 cm depth

-2 mm soil

XRF-WD

General diStribution
Lead (Pb) concentration in soil varies between 2.2 mg/kg and 18,756 mg/kg. 

The median value is 28.8 mg/kg and the interquartile range 22.2–41.0 mg/kg. 

High soil Pb concentration occurs in peat substrate on mountainous terrain in 

Northern Ireland. The most extensive area of high soil Pb concentration occurs in 

south Co. Armagh and south Co. Down where a geogenic-mineralisation source 

is proposed. Generally low to intermediate (<21–28.8 mg/kg) values are observed 

in soils on Palaeogene basalt lava on the Antrim Plateau where Pb distribution 

correlates more closely with soil type than with bedrock lithology. Potential and 

localised sources of geogenic Pb include Palaeogene basic dykes, Dalradian 

metabasites and the outcrop of mudstone and limestone-dominant formations 

in the Carboniferous succession. Anthropogenic Pb is commonly associated 

with urban centres.

diStribution over MetaSediMentary rockS
The Pb concentration of soils overlying Dalradian bedrock is correlated with soil 

organic matter content. Soil Pb concentration ranges from low (min) to very high 

(>164.6 mg/kg). Peat substrate generally has the highest concentration, with Pb 

values in excess of 28.8 mg/kg. This reflects the strong affinity of Pb to organic 

matter. Mineral gley and podzol soil types occurring in river valleys have lower 

concentrations, in the range 22.2–28.8 mg/kg Pb. In the Sperrin Mountains the 

source of Pb is believed to be geogenic. It is unlikely that elevated Pb concentrations 

in peat substrate are the product of anthropogenic atmospheric enrichment (e.g., 

historical, domestic coal and leaded petrol combustion) considering the remote 

nature of the locations.

At Carnanelly mountain, west of Draperstown, an extensive area of high 

(>32.3 mg/kg) to very high (>92.3 mg/kg) Pb concentration is correlated with peat 

substrate. The distribution of soil Pb confirms that the occurrence of metabasite 

sills and metalimestones in the Dalradian succession provide minor and localised 

sources of Pb, such as in the Castlederg area of west Co. Tyrone.

In northeast Co. Antrim similar distribution patterns are observed on Dalradian 

bedrock. Relatively low Pb values are recorded in groundwater humic gley and 

humic ranker soils in the Glendun River catchment. A correlation between very 

high Pb anomalies and the outcrop of metabasite sills is also evident here.

diStribution over SediMentary rockS
Intermediate (21 mg/kg) to very high (>164.6 mg/kg) Pb concentration occurs in 

soils overlying Lower Palaeozoic bedrock in the Southern Uplands-Down-Longford 

Terrane in Counties Down and Armagh. There is a relatively low correlation of 

soil Pb concentration with soil type. A subtle northeast-southwest trending zone 

of high (>32.3 mg/kg) Pb concentration in mineral gley and brown earth and 

mineral gley and ranker soils is present in east Co. Down. At Slieve Croob, very 

high soil Pb concentration may be correlated with humic ranker soil and a local 

geogenic source. Near Castlewellan a very high Pb (>92.3 mg/kg) anomaly in 

brown earth soil occurs in the vicinity of galena mineralisation. In the Lecale area 

of southeast Co. Down, very high (>92.3 mg/kg) soil Pb concentration occurs near 

bedrock galena occurrences. At Portaferry a northeast-southwest soil Pb anomaly 

transects Strangford Lough. Anecdotal evidence confirms the occurrence of 

galena mineralisation on the shore near Portaferry (T.B. Anderson, 2007. pers. 

com.) and on cleavage planes in bedrock on coastal sections. At Conlig, north 

of Newtownards, a very high soil Pb anomaly occurs at the abandoned Conlig-

Whitespots Pb mine.

Sulphide mineralisation was worked historically in the South Armagh-

Monaghan Mining District. Soils in the southern part of the Terrane, on tracts 

Gala 7+2 and Gala 7+3 and the Hawick Group, have high to very high (>32.3– 

>92.3 mg/kg) Pb concentration in the vicinity of the late Caledonian Newry Igneous 

Complex. There is a high correlation of Pb anomalies with tract boundaries and 

fault contacts in Lower Palaeozoic bedrock in south Co. Armagh. This suggests 

a potential structural control on Pb distribution. At Creggan, east of Crossmaglen, 

a high Pb anomaly (>66 mg/kg) associated with galena mineralisation extends 

southwest along the tract boundary between Gala 7+2 and Gala 7+3. Movement of 

Pb-bearing hydrothermal fluids along these tract boundaries may have deposited 

epigenetic Pb in bedrock.

In Co. Fermanagh, although peat substrates on Cuilcagh Mountain, Slieve 

Beagh and the Fermanagh Highlands show high Pb concentrations, the levels in 

the latter area are lower (>32.3 mg/kg) relative to the other mountain sites. Soil 

Pb anomalies are correlated with mudstone in the Carboniferous bedrock of 

Northern Ireland, such as the Bundoran Shale and Benbulben Shale formations. 

Southwest of Enniskillen in Co. Fermanagh, a very high (>92.3 mg/kg) Pb anomaly 

is apparently sourced from a Palaeogene dolerite dyke, although anthropogenic 

sources cannot be discounted. Mineral gley soils on the Devonian Shanmullagh 

Formation and on the Carboniferous Ballinamallard Mudstone Formation in the 

Fintona Block generally have intermediate Pb concentration (22.2–32.3 mg/kg). 

Many high concentration (>32.3 mg/kg) anomalies in this area are sourced from 

Palaeogene dolerite dykes.

On the east coast of Co. Antrim near Carnlough, intermediate Pb 

concentrations occur in mineral gley and ranker soils overlying the late Triassic 

Mercia Mudstone Group, in contrast to high and very high Pb concentration 

overlying peat substrate near the edge of the Antrim Plateau. At Carrickfergus in 

southeast Co. Antrim, high Pb in mineral gley soils on Mercia Mudstone Group 

may be of anthropogenic origin.

diStribution over iGneouS rockS
Peat substrate on the early Ordovician Tyrone Igneous Complex shows high to 

very high (>32.3– >92.3 mg/kg) soil Pb concentration. Near Drumnakilly, east of 

Omagh, a zone of low (<21 mg/kg) Pb concentration is correlated with mineral gley 

and brown earth soils. Northwest of Moneymore in southeast Co. Londonderry, 

a single point, very high Pb concentration anomaly occurs in groundwater humic 

gley overlying granite on Slieve Gallion, possibly related to reducing conditions.

Soils on the late Caledonian Newry Igneous Complex have Pb concentration 

(22.2–66 mg/kg) similar to that in soils overlying the host Lower Palaeozoic 

bedrock. Podzol, ranker, peat and groundwater humic gley soils overlying 

granite of the Palaeogene Mourne Mountains Complex have high to very high 

Pb concentration. A geogenic source of Pb within the granite is suspected. 

The highest values, recorded in peat and ranker soils near the summit of Slieve 

Donard, may originate from dolerite and felsite dykes in the area.

Soils overlying basalt lava of the Palaeogene Antrim Lava Group on the 

Antrim Plateau in Co. Antrim and east Co. Londonderry show a wide range of 

Pb concentration from low to very high (2.2– >164.6 mg/kg). Soil Pb distribution 

is correlated with soil type, particularly the highest values that occur in peat 

substrates. On the north-northeast side of Slievenanee, northeast of Clogh Mills, 

a very high concentration anomaly may be sourced in the Interbasaltic Formation. 

There is no conspicuous contrast in soil Pb concentrations on either the Lower 

Basalt or the Upper Basalt formations. However, a subtle pattern of intermediate 

Pb concentration (21–28.8 mg/kg) in soils along the valley of the River Bann 

may be related to the presence of organic-rich alluvium and peat substrate, with 

sorption of Pb to organic matter.

anthropoGenic FactorS
Occurrences of anthropogenic Pb are observed at Armagh, Ballyclare, Ballymena, 

Banbridge, Belfast, Coleraine, Cookstown, Downpatrick, Dromore, Dungannon, 

Enniskillen, Hillsborough, Newry and Omagh and are correlated with urbanisation. 

All have elevated Pb concentration relative to the surrounding rural environment 

and many have total soil Pb concentration in excess of 32.3 mg/kg.

Sources of Pb to the environment include industrial activity, lead-based paint 

and steel works. Combustion of petrol and associated vehicle exhaust emissions, 

as well as domestic and industrial burning of coal, are acknowledged sources of 

anthropogenic Pb in urban environments.
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Loss on Ignition (L.O.I.)
General diStribution
Soil Loss on Ignition (L.O.I.) varies between 1.01% and 98.05%. The median value 

is 12.93% and the interquartile range 9.28–21.93%. The distribution of soil L.O.I. 

values can be used as an approximation of the quantity of organic matter and 

hence organic carbon present. Soil L.O.I. values encompass other attributes such 

as water loss from clay minerals and decomposition of carbonates.

High L.O.I. values are typical of peat substrates in both lowland and 

mountainous terrain. Other soil types containing a variety of constituents generally 

have lower L.O.I. values relative to peat substrates. The distribution of soil L.O.I. 

values across Northern Ireland indicates that environmental conditions (e.g., slope, 

soil type, land use) are the main controlling factors. The type and composition 

of bedrock has a minimal impact on volatile soil constituents, and hence on 

L.O.I. values, which will therefore be discussed by region rather than based on 

geology.

countieS londonderry and tyrone
An extensive area of peat centred on Loughermore, east of Londonderry City, 

has L.O.I. values >12.93% across varied bedrock geology. A surrounding zone of 

intermediate (<12.93%) to low (<8.69%) L.O.I. values is correlated with mapped 

mineral gley and brown earth soils. Sandy ranker soils near Magilligan Point 

on Lough Foyle, have very low L.O.I. values (<6.93%) reflecting the high sand 

content and reduced content of organic matter. In the Sperrin Mountains peat 

substrates have high (>15.22%) to very high (>93.65%) L.O.I. which denotes a 

virtual absence of lithic material.

In the Glenelly River valley in the Sperrin Mountains, east of Plumbridge, a 

zone of intermediate L.O.I. values coincides with the occurrence of mineral gley 

and podzol soils containing lithic material. At such locations, downslope transport 

of rock debris in response to weathering and gravity dispersion may significantly 

contribute lithic material to the soil profile. Glacial erosion and transport may also 

increase the quantity of bedrock clasts and rock debris in such valleys. A zone 

of intermediate L.O.I. values extending from Castlederg to Omagh in Co. Tyrone 

correlates with mineral gley soils. Soils in Killeter Forest, in west Co. Tyrone, have 

high L.O.I. values (>21.93%) corresponding to peat substrates. Heather moorland 

and peat substrates on the low-lying topography of the early Ordovician Tyrone 

Igneous Complex contribute to high L.O.I. values in this area.

county FerManaGh
Mineral gley soils on the outcrop of the Devonian Shanmullagh Formation in 

the Fintona Block have variable L.O.I. values from intermediate (>9.28%) to 

high (>15.22%). Variable L.O.I. values may also correspond to a change in land 

use, from highly organic soils and rough grazing on moorland in the Sperrin 

Mountains to grazing pasture and mineral gley soils in south Co. Tyrone and north 

Co. Fermanagh. High L.O.I. peat substrates are noted on the mountain summits 

of the Fermanagh Highlands, Cuilcagh Mountains and Slieve Beagh. Lowland 

areas on the southwest side of Upper Lough Erne and Lower Lough Erne have 

a more extensive coverage of high L.O.I. values when compared to the northeast 

side of the Loughs. A combination of agricultural practices, high organic content 

and marginal location in a lacustrine environment may contribute to the spatially 

extensive, high L.O.I. values on the southwest side of the Loughs.

countieS arMaGh and down
The northwest part of Co. Armagh is characterised by low (<8.69%) to very low 

(<6.39%) L.O.I. values that occur over widespread mineral gley soils. A subtle 

zone of relatively higher L.O.I. values extending northeast from Caledon correlates 

with an area of Recent alluvial deposits. Low soil L.O.I. values in this region are 

associated with rich agricultural land that is best suited to animal grazing. High 

L.O.I. values north of Armagh City correspond to a soil cover of brown earth, 

peat and alluvium. On the south side of Lough Neagh, high (>15.22%) L.O.I. 

values correlate with peat deposits. Soils overlying Lower Palaeozoic bedrock 

in Counties Down and Armagh are characterised by predominantly intermediate 

(8.69–12.93%) L.O.I. values. The abundance of grazing pasture and dairy livestock 

farming in this region may contribute to the observed L.O.I. values. A band of high 

L.O.I. values from Keady to Crossmaglen occurs uncharacteristically in an area of 

mineral gley and ranker soils, although local farming practice, coupled with the 

presence of peaty soils in the interdrumlin areas, may produce these L.O.I. values. 

In the vicinity of Ballynahinch, high L.O.I. values are associated with mineral gley 

and ranker, mineral gley and brown earth, and brown earth soils. Intensive farming 

and high agricultural productivity may also affect soil L.O.I. in this area.

An extensive area of high L.O.I. is observed over the Mourne Mountains 

Complex consistent with the presence of peat, podzol and humic ranker soils. 

Soil L.O.I. distribution correlates with a change from managed grazing pasture 

on lower ground to a landscape of rough grazing and heath moorland at altitude. 

Along the coast of southeast Co. Down, between Newcastle and Killough, the 

presence of sand ranker soils can account for the observed low L.O.I. values. 

This zone also continues northwards to Bangor, as a series of low (<8.69%) to 

very low (<6.39%) soil L.O.I. areas. A similar zone with low L.O.I. values is also 

observed between Killyleagh and Comber on the west side of Strangford Lough. 

However, other extensive low L.O.I. anomalies along the coast are not directly 

correlated with soil type. Input of marine sand and gravel to these areas may 

produce low L.O.I. values. Alternatively, proximity to the coastline may impede 

the accumulation of organic matter in these soils, either because of the type of 

vegetation, or because of pedogenic processes.

county antriM
Soils overlying basalt lava of the Palaeogene Antrim Lava Group on the Antrim 

Plateau have generally high (>12.93%) L.O.I. values, consistent with a landscape 

dominated by peaty soil. A series of factors contribute to the high L.O.I. values, 

including land use, rainfall, pedogenic processes and the existence of local micro-

climates. A transition from scattered to more extensive high L.O.I. anomalies is 

observed on a west-east transect across the boundary line that extends south 

from Ballymoney. This may be correlated with a transition to more intensive 

agricultural practice in the east, in the vicinity of Clogh Mills and Clogh.

Very high L.O.I. values on mountains in the eastern part of the Antrim Plateau 

correspond to areas of peat bog with virtually no lithic content. In such areas the 

only sustained input into the local ecosystem is the addition of trace elements 

such as bromine (Br) through precipitation. The presence of high L.O.I. values in 

soils along the east coast of Co. Antrim may be accounted for by topography. 

There, the narrow coastal zone is overlooked by the precipitous cliffs of the eastern 

edge of the Plateau. Low soil L.O.I. values north of Coleraine in Co. Londonderry 

may be due in part to the presence of thick deposits of glaciofluvial sand and 

gravel. West of Coleraine, the contact between the Antrim Lava Group and the 

late Triassic Mercia Mudstone Group corresponds to the base of the cliff line 

marking the edge of the Antrim Plateau. This also corresponds to the change 

from areas of upland peat bog on the Plateau to lowland mineral gley soils and is 

clearly observed in the sharp contrast in L.O.I. values along this contact.

Statistics

Samples 6862

Mean 23.40

Minimum 1.00

Median 12.90

Maximum 98.10

Std Deviation 25.20

Range 97.10

Loss on Ignition at 450°C

Loss on Ignition (L.O.I)

Shallow Soils

5-20 cm depth

-2 mm fraction



80

See page 41 

for an account 

of how the 

geochemical 

images and 

statistical 

diagrams are 

generated and 

for sources of 

statistical data. 

See pages 42-43 

for a guide to the 

interpretation of 

the geochemical 

data.

A transparent 

overlay showing 

topographic 

features of the 

area may be 

found inside the 

back cover of 

this volume.



A guide to the Tellus data

81

Magnesium Oxide (MgO)

Statistics

Samples 6862

Mean 1.50

Minimum 0.50

Median 1.30

Maximum 5.80

Std Deviation 0.70

Range 5.30

Minimum detectable value 0.30

Magnesium Oxide (MgO)

Shallow Soils

5-20 cm depth

-2 mm soil

XRF-WD

General diStribution
Magnesium Oxide (MgO) concentrations in shallow soils vary between 0.5% 

and 5.8% with a median value of 1.3% and interquartile range of 0.9–1.8%. The 

distribution of MgO in soils in Northern Ireland is correlated with the composition 

of bedrock. Highest MgO values occur in soils over basalt lava of the Palaeogene 

Antrim Lava Group on the Antrim Plateau. Variable, intermediate to high, values 

occur over Lower Palaeozoic bedrock in Counties Down and Armagh. Dalradian 

metamorphic rocks and the Carboniferous succession in Co. Fermanagh have low 

soil MgO concentrations (<1.2%). Soils overlying red-bed sequences comprising 

sandstone, mudstone and conglomerate of the Shanmullagh, Ballinamallard 

Mudstone, Raveagh Sandstone and Gortfinbar Conglomerate formations have 

intermediate to high MgO concentrations suggesting a geogenic source for soil 

MgO. Variability in the distribution of MgO within soils of individual lithologies 

is observed and may correlate with a range of factors including the type of 

superficial deposit, soil type and land use. The high mobility of MgO in the surficial 

environment may also account for variability in its distribution within individual 

soil types over the same bedrock lithology. Throughout Northern Ireland peat 

substrates generally have the lowest MgO concentration. The mobile nature of 

MgO coupled with high rainfall in mountainous parts of Northern Ireland may 

contribute to the reduced near-surface Mg concentration in such areas.

diStribution over MetaSediMentary rockS
Soils overlying metamorphic rocks of the Dart, Glenelly, Glengawna and 

Mullaghcarn formations of the Dalradian Supergroup in the Sperrin Mountains 

have low MgO values (<1.2%). Peat substrates have very low concentrations 

(<0.8%). Local MgO anomalies (1.3–1.6%) occur in lowland areas with valley 

mineral gley and podzol soils. These anomalies may also be related to farming 

practice on grazing pasture. On the northern flanks of the Sperrin Mountains 

soils overlying bands of metalimestone in the Dalradian Claudy Formation are 

relatively enriched of MgO at 3.5%. Several anomalies, independent of soil type, 

extend beyond the outcrop of the metalimestone and may reflect topographically 

controlled dispersion of MgO from these sources. In northeast Co. Antrim, 

peat, humic ranker and mineral gley soils overlying metamorphic bedrock also 

have low MgO values (<1.2%). In this region, upland areas have very low MgO 

(<0.7%). These are generally high rainfall areas with peat substrates or bedrock 

at or near surface. Isolated occurrences of mineral gley soil in river valleys have 

intermediate values ranging from 1.3–2.1%. Elevated MgO levels in these soils 

may be attributable to the outcrop of metabasite sills.

diStribution over SediMentary rockS
Soils overlying Lower Palaeozoic bedrock in the Southern Uplands-Down-

Longford Terrane in Counties Armagh and Down have intermediate to high values 

(1.3–2.7%). The heterogeneous distribution of MgO in this area may reflect its 

high mobility in the surficial environment. A subtle distribution pattern is noted 

in the central portion of the Terrane (east of Banbridge) with NNW-SSE zones 

of MgO concentration in the range 1.3–1.6%. In general, there is no correlation 

between these zones and the superficial deposits or soil type, but there is a minor 

correlation with a cover of mineral gley and organic-rich soils, and localities with 

bedrock near surface. A strong correlation with topography is observed.

Mineral gley and brown earth, and mineral gley and ranker, soils overlying 

the Lower Palaeozoic Hawick Group have a uniformly high MgO concentration 

(>1.6%). MgO concentration decreases to the southwest, with intermediate 

values (1.3–1.8%) in brown earth soils near Castlewellan. This may reflect glacial 

dispersion from the northwest by the Banbridge Ice Stream during the Last Glacial 

Maximum, with overprinting by a MgO geochemical signature that is typical of the 

late Caledonian Newry Igneous Complex. Along the Mourne Plain, southeast of 

the Mourne Mountains in southeast Co. Down, MgO concentration in soil is <1.2% 

and displays a high correlation with deposits of glaciofluvial sand and gravel.

In the Fintona Block in west Co. Tyrone, mineral gley soils overlying the 

Shanmullagh, Ballinamallard Mudstone, Raveagh Sandstone and Gortfinbar 

Conglomerate formations have intermediate to high (1.6–2.7%) MgO concentration, 

consistent with a geogenic source. A minor correlation with river drainage patterns 

and hence topography is also observed. Soils overlying Carboniferous bedrock 

in Co. Fermanagh, particularly formations consisting mainly of limestone and 

mudstone, have uniformly very low to low (<0.7– <1.2%) MgO concentration, 

apparently independent of the superficial deposits or soil type. Very low values 

(<0.7%) are recorded in mountainous parts of this region and high rainfall in these 

locations may help reduce soil MgO concentration. Near the southwest shore of 

Lower Lough Erne, a zone of intermediate (1.2–1.8%) MgO concentration occurs 

downslope of the outcrop of two Palaeogene dolerite dykes.

Soils overlying Mesozoic bedrock on the coastal fringe of east Co. Antrim, 

north of Larne, have similar MgO values to those overlying the adjacent basalt 

lava of the Palaeogene Antrim Lava Group, suggesting either similar MgO 

concentration in bedrock or more likely an overprinting by the MgO signature 

from the basalt lava. MgO values in soils overlying the Palaeogene (Oligocene) 

Lough Neagh Group on the west and south shores of Lough Neagh are low 

(<1.2%) to very low (<0.7%).

diStribution over iGneouS rockS
High MgO concentrations (>1.8%) are observed in mineral gley soils near the 

outcrop of tonalite of the early Ordovician Tyrone Igneous Complex. A reduced 

correlation of soil MgO values with bedrock lithology suggests that factors such 

as superficial deposits, soil type, topography and drainage exert an influence on 

its concentration and distribution in this area. The late Caledonian Newry Igneous 

Complex has a relatively uniform distribution of MgO in soils in the low range of 

0.9–1.6%. Compared to concentrations in soils overlying the host Lower Palaeozoic 

bedrock, soils on the granodiorite plutons have lower MgO concentrations. 

Localised MgO enrichment, observed in soils near the northern margin of the 

complex with a similar pattern observed in soil Fe2O3 concentration, may be 

influenced by factors such as compositional differences within the granodiorite 

plutons, drainage, topography, land use and glacial overprinting of geochemical 

signatures. On Slievegarran, at the northeast end of the complex, brown podzol 

soils show elevated MgO concentration (2.1–2.7%), whilst humic ranker soils 

(<40 cm deep) have lower MgO concentration (1.8–2.1%) consistent with higher 

organic matter content; both soils indicate a geogenic source of MgO.

Soils on the Palaeogene Mourne Mountains Complex in Co. Down, have very 

low (<0.7%) MgO concentration, with a distribution independent of superficial 

deposit or soil type. Reduced development of soil profiles, coupled with high 

rainfall, may impact on the distribution of MgO. Two anomalies (>1.2%) are 

associated with the outcrop of Palaeogene dolerite dykes. In Co. Antrim, soils 

overlying basalt lava of the Palaeogene Antrim Lava Group have high spatial 

variability of MgO concentrations, with most values in the upper quartile. A 

number of distribution patterns are observed. Soils in the valley of the River 

Bann have relatively lower MgO concentration (<1.6%) which may be related to 

land use, topography or drainage. North of the Tow Valley Fault, soils overlying the 

outcrop of the Upper Basalt Formation have lower MgO concentration (1.2–2.7%) 

compared to those overlying the outcrop of the Lower Basalt Formation south 

of the fault (1.3–5.8%). This difference may be geogenic in origin. Alternatively, it 

may reflect differences in land use and topography. In general, the variation in soil 

MgO concentration over basalt lava on the Antrim Plateau is related to variation 

in soil type, topography and drainage.

anthropoGenic FactorS
No anomalies can be traced directly to anthropogenic sources. However, the 

high variability in the distribution of MgO across all bedrock lithologies and within 

individual formations may be related to regional patterns of land use as well as 

local farming practice.



82

See page 41 

for an account 

of how the 

geochemical 

images and 

statistical 

diagrams are 

generated and 

for sources of 

statistical data. 

See pages 42-43 

for a guide to the 

interpretation of 

the geochemical 

data.

A transparent 

overlay showing 

topographic 

features of the 

area may be 

found inside the 

back cover of 

this volume.



A guide to the Tellus data

83

Manganese Oxide (MnO)

Statistics

Samples 6862

Mean 0.084

Minimum <0.010

Median 0.058

Maximum 14.999

Std Deviation 0.259

Range 14.999

Minimum detectable value 0.01%

Manganese Oxide (MnO)

Shallow Soils

5-20 cm depth

-2 mm soil

XRF-WD

General diStribution
Manganese oxide (MnO) concentrations in shallow soil vary between the detection 

limit (0.01%) and 15%. The median value is 0.058% and the interquartile range 

0.029–0.101%.

The highest MnO values occur in soils overlying basalt lava of the Palaeogene 

Antrim Lava Group. Intermediate to high values occur in soils overlying Lower 

Palaeozoic bedrock in the Southern Uplands-Down-Longford Terrane in Counties 

Down and Armagh where Palaeogene dolerite dykes may also provide localised 

geogenic sources of MnO. Intermediate to low (<0.101%) values are dispersed 

across the western half of Northern Ireland where a subtle correlation with soil type 

is observed. Low MnO concentrations are characteristic of low-pH peat substrates 

and are believed to reflect its enhanced mobility in acidic conditions, and in an 

environment that is deficient in surficial geogenic sources. No anthropogenic 

sources of MnO have been identified, although there is a close correlation between 

elevated MnO levels and the main agricultural areas of Northern Ireland.

diStribution over MetaSediMentary rockS
Soils overlying Dalradian bedrock of the Argyll Group (Dart, Glenelly, Glengawna 

and Mullaghcarn formations) show variable, very low (0.004%) to intermediate 

(0.073%) MnO concentrations. Low to very low concentrations occur in peat 

substrates with elevated concentrations in podzol and groundwater humic gley 

soils located in valleys such as the Glenelly River valley.

In west Co. Tyrone near Castlederg, the variable distribution of intermediate 

(0.029%) to high (0.210%) MnO concentrations confirms a correlation between soil 

type and bedrock near surface. Very high MnO values (>0.210%) are related to 

the occurrence of metalimestones and metabasite sills in the Dalradian Dungiven 

Formation, for example west of Slieveard, north of Omagh. Peat substrates in 

the area of Killeter Forest in west Co. Tyrone have low (<0.029%) to very low 

concentrations of MnO. A crescent-shaped zone of intermediate (0.029-0.101%) 

MnO anomalies extends from Castlederg to Omagh in Co. Tyrone and correlates 

with the distribution of mineral gley soils. With the exception of a single MnO 

anomaly, concentrations over peat substrate in the Loughermore area in the 

northern part of the Sperrin Mountains are low (0.016%) to very low (0.002%). 

MnO levels in this area are correlate with soil type; the highest concentrations 

occur in brown earth and podzol soils (>0.046%) and the lowest in mineral gley 

soils (<0.046%).

In northeast Co. Antrim, in the area southwest of Cushendun, elevated 

MnO levels (>0.101%) occur in soils overlying bedrock comprising Dalradian 

metamorphic rocks and red-beds of the early Devonian Cross Slieve Group. 

The anomaly occurs at the contact between humic ranker and mineral gley soils 

and may have an upslope geogenic source in the late Cretaceous Ulster White 

Limestone Formation. Intermediate (>0.029%) to very high (<0.332%) MnO levels 

in humic ranker soils along the Glendun River, southwest of Cushendun, may also 

be sourced upslope from the Ulster White Limestone Formation.

diStribution over SediMentary rockS
MnO levels in soils overlying Lower Palaeozoic bedrock in the Southern Uplands-

Down-Longford Terrane in Counties Down and Armagh are variable, ranging 

from intermediate (0.029%) to high (0.137%), with no correlation between MnO 

distribution and the type of superficial deposit or soil. In the Lecale area of 

southeast Co. Down, soils have more extensive high MnO concentrations, which 

may be due either to bedrock at or near the surface or to the more extensive cover 

of mineral gley and brown earth soils and mineral gley and ranker soils.

Soils overlying Pleistocene fluvioglacial sand and gravel in the area south of the 

Mourne Mountains in south Co. Down have moderately lower and restricted MnO 

concentrations (0.023–0.073%). Low MnO levels (0.016–0.046%) are also typical 

of sand ranker soils in the area of Dundrum Bay in southeast Co. Down. High 

MnO anomalies (0.137–0.253%) are dispersed throughout the Lower Palaeozoic 

Terrane. However, in many instances the anomalies are located adjacent to the 

outcrop of Palaeogene dolerite dykes, thus indicating a geogenic source in the 

dyke. On the Ards Peninsula in east Co. Down, a northeast-southwest zone of 

elevated MnO corresponds with an area of mapped mineral gley soils.

A MnO anomaly east of Trillick in Co. Tyrone is associated with the development 

of an ironpan in the soil profile and an iron concentration of 9.27% in surface soil. 

Along the northern edge of the Clogher Valley in Co. Fermanagh, areas of peat 

substrate overlying the early Carboniferous Ballyness Formation (conglomerate 

and sandstone) show low MnO values. Many of the anomalies in this area may 

also be sourced from Palaeogene basic dykes. Variation in soil MnO levels are 

observed across the trace of the Tempo-Sixmilecross Fault in Co. Tyrone, with 

lower MnO concentrations on the southeast side of the fault in mineral gley soils 

which overlie a range of bedrock lithologies. In Co. Fermanagh, MnO anomalies 

(>0.101%) are correlated with mapped occurrences of ranker soils. Upland 

areas of Co. Fermanagh with peat substrate have low MnO levels (<0.101%) 

whilst lowland areas generally have intermediate values (0.029–0.101%). High 

MnO values (>0.101%) correlate particularly with limestone bedrock of the early 

Carboniferous Ballyshannon Limestone and Glencar Limestone formations and 

the Knockmore Limestone Member of the Dartry Limestone Formation.

diStribution over iGneouS rockS
Soils overlying the early Palaeozoic Tyrone Igneous Complex show a variable 

pattern of MnO distribution that is not conspicuously correlated to the type of 

bedrock, superficial deposit or soil. In general, soil MnO concentrations range 

from 0.002% to 0.171%. Low (<0.029%) MnO levels are generally coincident 

with peat substrate. The range of MnO concentrations (0.029–0.137%) in soils 

overlying the late Caledonian Newry Igneous Complex is similar to soils overlying 

country rock of the Lower Palaeozoic Southern Uplands-Down-Longford Terrane. 

However, most soils overlying granodiorite of the Newry Igneous Complex have 

intermediate MnO concentrations (0.029–0.073%). Areas of soil with higher MnO 

values are limited. Soils overlying the southwest pluton have slightly elevated 

MnO levels in proportion to the area covered compared with soils overlying the 

northeast pluton.

At Slieve Gullion in south Co. Armagh, there is a minor correlation between 

raised MnO levels and the occurrence of brown podzol and ranker soils overlying the 

Palaeogene Slieve Gullion Complex. Locally occurring high MnO levels (>0.073%) 

may be related to Palaeogene dolerite sills and thus be of geogenic origin. MnO 

levels in soils overlying granites of the Palaeogene Mourne Mountains Complex in 

south Co. Down show low (<0.029%) to very low (0.004%) concentrations. Near 

Shanlieve in the Western Mournes Centre, an area of peat is characterised by very 

low levels of soil MnO. Intermediate MnO values (>0.029%) are correlated with the 

presence of humic ranker soils in the Mourne Mountains. High MnO anomalies 

(>0.101%) in the Mourne Mountains are coincident with known Palaeogene dolerite 

dykes, suggesting a geogenic source of MnO at these specific locations. The 

outcrop of basalt lava of the Palaeogene Antrim Lava Group on the Antrim Plateau 

in Co. Antrim includes the most extensive area of high MnO soil levels in Northern 

Ireland. MnO levels in soils overlying the lavas range from 0.029–14.694%. Similar 

MnO levels are found in soils overlying both the Lower Basalt Formation and the 

Upper Basalt Formation and are independent of the type of superficial deposit 

or type of soil. Areas of low (<0.029%) MnO levels are generally coincident with 

areas of peat substrate, whilst the highest concentrations are correlated with 

areas of brown earth and humic ranker soils.

anthropoGenic FactorS
No discernible anthropogenic sources have been identified. However, an 

occurrence of high (>0.137%) MnO near Castledawson in south Co. Londonderry 

may be correlated with possible anthropogenic sources.
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Molybdenum (Mo)

Statistics

Samples 6862

Mean 1.00

Minimum <0.20

Median 0.90

Maximum 7.60

Std Deviation 0.60

Range 7.60

Minimum detectable value 0.20

Molybdenum (Mo)

Shallow Soils

5-20 cm depth

-2 mm soil

XRF-WD

General diStribution
Molybdenum (Mo) concentration in soil varies between the detection limit 

(0.2 mg/kg) and 5.4 mg/kg, with a median value of 0.8 mg/kg and interquartile 

range 0.6–1.0 mg/kg. High concentration anomalies are present in soils in 

Co. Fermanagh overlying early Carboniferous bedrock comprising limestone 

or mudstone that is organic-rich and may have a high content of pyrite. Soils 

overlying Lower Palaeozoic bedrock in Counties Armagh and Down show 

Mo anomalies that are related to geological structure. Sulphide mineralisation 

deposited by hydrothermal fluids may account for high concentration (>1.1 mg/kg) 

Mo anomalies. The Moffat Shale Group may provide discrete sources of Mo to 

soil. Spatially extensive, intermediate Mo concentration occurs in soil overlying 

Lower Palaeozoic bedrock in Counties Down and Armagh. Peat substrates of both 

lowland and upland terrain generally have low Mo concentration. Mostly this may 

reflect the absence of a geogenic source of Mo rather than surficial processes of 

dispersion and chelation. Low natural abundance of Mo in basalt lava accounts 

for the low concentration in soils on the Antrim Plateau.

diStribution over MetaSediMentary rockS
In the Sperrin Mountains soils overlying metamorphic rocks of the Dart, Glenelly, 

Glengawna and Mullaghcarn formations have low Mo concentration (<0.7 mg/kg). 

Lowest values correspond with areas of peat substrate. Mineral gley and podzol 

soils in the valley of the Glenelly River have elevated soil Mo relative to peat on 

adjacent mountainous terrain.

Soils overlying the outcrop of the Ballykelly Formation in north Co. Londonderry 

have low (<0.2 mg/kg) to intermediate (1.1 mg/kg) Mo concentration, while on the 

more extensive Claudy Formation, in both Counties Londonderry and Tyrone, 

anomalies occur over the outcrop of metalimestone and metabasite sills. Organic 

components in the metalimestone may contain elevated Mo whilst sulphide 

occurrences in the metabasites may contribute Mo to soil. Near Killeter in west 

Co. Tyrone, high (>1.1 mg/kg) to very high (>1.9 mg/kg) Mo anomalies occur 

in peat, mineral gley and ranker soils. These anomalies are geogenic in origin, 

with sources in the Aghyaran Formation (dolomitic metalimestone), Lough Esk 

Formation and Shanaghy Greenbed Formation. A very high soil Mo anomaly 

in mineral gley soils on the Lough Mourne Grit may be fault related. Pebble 

conglomerate and abundant feldspar in this formation (Long and McConnell, 

1999) may also provide a Mo source. Mineral gley and podzol soils overlying the 

Glengawna Formation have local Mo anomalies related to fault and lithological 

contacts. Near Glenhull, mineral occurrences in Dalradian bedrock along the 

north side of the Omagh Thrust Fault may account for a Mo anomaly that extends 

southwards onto the early Ordovician Tyrone Volcanic Group.

In northeast Co. Antrim, mineral gley and humic ranker soils on Dalradian 

bedrock of the Glendun Formation have intermediate (0.7 mg/kg) to high 

(1.3 mg/kg) Mo values in contrast to low (<0.7 mg/kg) Mo concentration on upland 

peat substrates. Mo distribution in this area correlates with the catchment of 

the Glendun River. A very high Mo (>2.2 mg/kg) anomaly near the boundary of 

peat and humic ranker soils on the Runabay Formation may be sourced from 

volcaniclastic greenbed members.

diStribution over SediMentary rockS
Intermediate (0.7 mg/kg) to very high (>2.2 mg/kg) Mo values are observed in soils 

overlying Lower Palaeozoic bedrock in the Southern Uplands-Down-Longford 

Terrane in Counties Down and Armagh. A zone of high (>1.1 mg/kg) to very high 

(>1.9 mg/kg) Mo concentration in mineral gley soil that extends from the locality 

of Cullyhanna northeast towards Tandragee may be correlated to fault offsets 

of the Orlock Bridge Fault. The movement of Mo-bearing hydrothermal fluids 

along such faults could account for the anomalous soil values so a concealed 

fault zone may be present.

A series of major northwest-southeast trending anomalies extend across 

the Lower Palaeozoic Terrane, together with minor northeast-southwest and 

north-south trends. The major trends coincide firstly, with fault offsets of the Tract 

boundaries, inferring a structural control, and secondly with the main direction 

of ice flow during the Last Glacial Maximum. Northwest of Ballynahinch, a zone 

of high to very high (>1.9 mg/kg) Mo values trends northeast-southwest and is 

located on the south side of the boundary between Gala 6 and Gala 7. The trend 

of the anomaly implies a source along the tract boundary. The intersection of 

this anomaly with the St. John’s Point-Lisburn swarm of Palaeogene basic dykes 

suggests a link in the formation of this Mo soil anomaly. The anomaly can be 

traced northeast to Ballygowan where a correlation with north-south faulting is 

also observed. Pyritiferous, organic-rich mudstone of the Moffat Shale Group, 

which only occurs as a very narrow outcrop, often less than 100 m thick, but 

which may extend for several kilometres along tract boundaries, may provide a 

local source of Mo. Mobilisation of Mo from the Moffat Shale Group in response 

to a heat source originating from the St. John’s Point-Lisburn dyke swarm may 

have occurred. Near Ballynahinch soils have elevated As, Cr, Cu, Fe, Mn, Ni, 

Pb, Sb, Sn and Zn and the anomalies of several of these elements also follow 

the dyke swarm.

A source of Mo in the organic component of limestone in early Carboniferous 

bedrock in Northern Ireland may account for anomalies in soils overlying the 

Armagh Group, the Rockdale Limestone Formation in southeast Co. Tyrone 

and the Maydown Limestone Formation in south Co. Tyrone. In Co. Fermanagh, 

extensive high (>1.1 mg/kg) to very high (>1.9 mg/kg) soil Mo anomalies follow 

Upper Lough Erne and Lower Lough Erne. There is a reduced correlation of Mo 

distribution with superficial deposits and soil type although peat substrates record 

low Mo values. Sources of Mo may be found in organic-rich and pyritiferous 

bedrock in the Carboniferous succession in Co. Fermanagh in the Ballyshannon 

Limestone and Bundoran Shale formations. This is corroborated by the presence 

of elevated As, Cd, Pb, U, and Zn in soils over the outcrop of these Formations. In 

northeast Co. Antrim, soils overlying Mesozoic bedrock have Mo concentrations 

similar to those of Palaeogene basalt lava on the Antrim Plateau.

diStribution over iGneouS rockS
Low to intermediate Mo concentrations are recorded in soils on the early Ordovician 

Tyrone Igneous Complex. Northeast of Greencastle, a high concentration Mo 

anomaly occurs at the Omagh Thrust Fault and extends southeast coincident 

with faults in the Tyrone Volcanic Group.

Soils on the late Caledonian Newry Igneous Complex generally have 

intermediate (0.7–1.0 mg/kg) Mo concentration. Intermittent, high (>1.1 mg/kg) to 

very high (>1.9 mg/kg) Mo anomalies near the intrusive contact of the granodiorite 

plutons with the host Lower Palaeozoic bedrock may be related to soil type, e.g., 

ranker soils. Several Mo anomalies are coincident with the outcrop of felsite dykes. 

Geogenic Mo sources related to magmatic processes within the granodiorite 

plutons and metasomatic and/or hydrothermal fluid movement along their outer 

contacts cannot be discounted. Near Castlewellan, galena mineralisation may 

be the source of Mo anomalies. A granodiorite source for high soil Mo values 

at the contact between the central and southwest plutons is supported by the 

presence of molybdenite in bedrock along the Newry by-pass.

Mo values in soils overlying basalt lava of the Palaeogene Antrim Lava Group 

on the Antrim Plateau show predominantly low concentrations (<0.2–1.0 mg/kg). 

Elevated concentrations occur in a zone that extends for about 11 km southeast 

from Clogh Mills to Quarrytown. Concomitant soil Cu anomalies suggest a probable 

geogenic source possibly related to mineralisation. Peat substrates in this area 

have low (<0.5 mg/kg) Mo concentration. Intermediate to high concentration soil 

anomalies occur over a range of superficial deposits and soil types and have 

no apparent correlation with basalt bedrock. An extensive zone of intermediate 

values (0.8–1.0 mg/kg) occur between Larne and Stonyford (northwest of Lisburn) 

and may be correlated with mineral gley and brown earth soils in upland terrain. 

Because of the proximity of this area to Belfast, an anthropogenic source of 

atmospheric Mo cannot be discounted. Mineral gley soils overlying the Tardree 

Rhyolite Complex on Tardree Mountain have high Mo (>2.0 mg/kg) concentration 

reflecting the natural abundance of Mo in rhyolite.

anthropoGenic FactorS
A high Mo anomaly at Kilrea (Co. Antrim) is likely to be anthropogenic in origin.
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Nickel (Ni)

Statistics

Samples 6862

Mean 46.20

Minimum 1.40

Median 29.10

Maximum 333.60

Std Deviation 48.60

Range 332.20

Minimum detectable value 1.40

Nickel (Ni)

Shallow Soils

5-20 cm depth

-2 mm soil

XRF-WD

General diStribution
Nickel (Ni) concentration in soil varies between 1.4 mg/kg and 333.6 mg/kg, 

with a median value of 29.1 mg/kg and interquartile range 14.0–56.1 mg/kg. 

Soils overlying Palaeogene basalt lava on the Antrim Plateau have the highest 

Ni (>36.2 mg/kg) values in Northern Ireland. Peat substrates on the basalt lavas 

also show elevated Ni concentration relative to all other peat occurrences. Soils 

on Lower Palaeozoic bedrock have elevated Ni, with an increase in concentration 

towards the Orlock Bridge Fault in the northwest. In the west, soils have low 

(1.4 mg/kg) to high (1.4–56.1 mg/kg) Ni concentration. The distribution of Ni 

is more highly correlated with superficial deposits and soil type in the west of 

Northern Ireland than in the east, where Ni-rich bedrock is present.

diStribution over MetaSediMentary rockS
In the Sperrin Mountains soils overlying metamorphic rocks of the Dart, Glenelly, 

Glengawna and Mullaghcarn formations have low to intermediate (2.9–29.1 mg/kg) 

Ni concentration. Peat substrates show the lowest values. High Ni values are 

observed in mineral gley and podzol soils of river valleys. Isolated high Ni 

(>29.1 mg/kg) anomalies are sourced from the outcrop of metabasite sills. At 

Killeter in west Co. Tyrone, a single high Ni (>29.1 mg/kg) anomaly in mineral 

gley soils on a metalimestone may be of anthropogenic origin. However, a Ni 

anomaly is also observed in association with metalimestone at Loughermore on 

the north side of the Sperrin Mountains. The presence of rare sulphides in the 

metalimestone may be the source of the Ni.

Intermediate to high (14.0–56.1 mg/kg) concentration anomalies coincident 

with, and extending along, the Omagh Thrust Fault are considered to be geogenic 

in origin. Distribution of Ni in soil overlying Dalradian bedrock in northeast Co. Antrim 

is similar to that shown in the Sperrin Mountains. Low Ni concentrations occur 

in peat substrates, with values in the range 4.0–11.7 mg/kg Ni. Relatively higher 

concentration is present in humic gley and humic ranker soils in the catchment 

of the Glendun River.

diStribution over SediMentary rockS
At Armagh, soils overlying the early Carboniferous Armagh Group have elevated 

Ni values (>29.1 mg/kg). This may represent glacial dispersion of Ni levels to the 

southeast from the adjacent outcrop of the Palaeogene Lower Basalt Formation 

by ice flow during the Last Glacial Maximum. In Counties Down and Armagh 

soils on Lower Palaeozoic bedrock have intermediate to high (94.6 mg/kg) Ni 

concentration.

At the northern edge of the Southern Uplands-Down-Longford Terrane, soils 

on the Ordovician-Silurian Leadhills Supergroup (Gilnahirk Group) and Gala 3, 

Gala 4, Gala 5 and Gala 6 tracts have high (36.2–56.1 mg/kg) Ni concentration. 

This anomaly may be lithostratigraphical in origin, based on the occurrence of 

nickeliferous material in the greywacke sandstones. Organic-rich black mudstone 

of the Moffat Shale Group occurs along tract boundaries and may also provide a 

local source of Ni. Southeasterly ice flow during the Last Glacial Maximum may 

have spread Ni-rich material from the outcrop of the Palaeogene basalt lavas on 

the Antrim Plateau. Elevated soil Cr and reduced soil U values further support a 

glacial dispersion model. Other anomalies in this terrane suggest potential fault 

and dyke sources.

On the Mourne Plain in southeast Co. Down, southeast of the Mourne 

Mountains, deposits of glaciofluvial sand and gravel may mask the natural Ni 

signature of the underlying Lower Palaeozoic Hawick Group. Relatively low Ni 

in sandy ranker soils of Dundrum Bay may reflect a low natural abundance of 

Ni in the parent material or leaching of Ni from this substrate. Soils overlying the 

Shanmullagh Formation in the Fintona Block in southwest Co. Tyrone have high 

Ni concentrations (29.1–56.1 mg/kg). Elevated Ni values are correlated with the 

presence of Palaeogene dolerite dykes. Low soil Ni (<11.7 mg/kg) on Slieve Beagh, 

Cuilcagh Mountain and the Fermanagh Highlands is correlated with peat substrate 

occurrences. The Ni signatures of Mesozoic lithologies along the northeast coast 

of Co. Antrim do not have a contrast with those of soils on the adjacent outcrop 

of the Palaeogene basalt lavas.

diStribution over iGneouS rockS
On the early Ordovician Tyrone Igneous Complex soils have low to intermediate 

(29.1 mg/kg) Ni concentration. Soils overlying the Slieve Gallion granite pluton, 

northwest of Cookstown, show a Ni anomaly (29.1–56.1 mg/kg) in mineral gley 

and ranker soils. High (>36.2 mg/kg) Ni concentration in the vicinity of Slieve 

Gallion may be derived from either the outcrop of the Lower Basalt Formation 

there or from an Ordovician diorite.

Soils on the late Caledonian Newry Igneous Complex have a range of Ni 

concentration from intermediate to high (11.7–94.6 mg/kg). High Ni (>36.2 mg/kg) 

in humic ranker and brown podzol soils at the northeast end on Slievegarran is 

geogenic, sourced in the Ultramafic-Intermediate Complex. A high concentration 

(>36.2 mg/kg) Ni anomaly on Slieve Gullion is sourced in a dolerite sill. In the 

Mourne Mountains Complex in southeast Co. Down, slightly elevated soil Ni values 

occur in mineral gley soils near the outcrop of dolerite dykes. A crude zonation 

of soil Ni concentration with altitude is present on the Complex. This may reflect 

the influence of soil type, land use and downslope hydromorphic dispersion on 

soil Ni concentration. A similar pattern is observed in the distribution of CaO in 

soils overlying the Mourne Mountains.

Soils overlying basalt lava of the Palaeogene Antrim Lava Group on the 

Antrim Plateau show extensive high to very high (>36.2– >155 mg/kg) Ni 

concentration and record the highest soil Ni values in Northern Ireland. Peat 

substrate occurrences on the basalt lavas also have elevated Ni concentration 

(<94.6 mg/kg), in contrast with the rest of the sampled area. An intermittent 

zone of very high soil Ni (>155 mg/kg) extending northwest from Swatragh, on 

the western edge of the Plateau, is correlated with localities where bedrock is 

at or near surface. Elevated Ni occurs downslope of the contact between the 

Palaeogene Upper Basalt Formation and Mesozoic bedrock east of Limavady, 

confirming a topographic control on the dispersion of Ni. Soil Ni distribution 

correlates with the mapped extent of the Tow Valley Fault from Ballycastle to 

Ballymoney. Near Ballymoney the trend of lower soil Ni on the north side of the 

fault discontinues. Southwest of Ballymoney soil Ni has similar concentration on 

both sides of the Tow Valley Fault.

At Ballymoney the boundary between contrasting Ni levels turns south-

southeast and can be traced through Rasharkin and Portglenone to the north 

shore of Lough Neagh, south-southwest of Randalstown. Compartmentalisation 

of basalt lavas on the Antrim Plateau is well documented and is supported by the 

geochemical results, in particular by the distribution of Ni values in soils. On the 

west side of the Ballymoney-Randalstown compartment boundary, the soils have 

a Ni geochemical signature generally consistent with Upper Basalt Formation. 

There is no substantive evidence to suggest that a change of topography and 

land use is the controlling factor on soil Ni concentration and distribution. On 

the east side of the compartment boundary soil Ni concentration is generally 

higher (>94.6 mg/kg). Near Kilraghts, east of Ballymoney, a zone of very high 

Ni values (>155 mg/kg) extends southeast to the vicinity of Broughshane. The 

anomaly is considered to be geogenic in origin, possibly related to a fault. The 

juxtaposition of the soil Ni anomaly against the contact with the succeeding 

Palaeogene (Oligocene) Lough Neagh Group and the Tow Valley Fault suggests 

either a geogenic source or a structural influence.

The distribution of Ni concentration in the central part of the Antrim Plateau 

between Ballymoney, Randalstown, Crumlin and Lisburn is controlled by a single 

linear structure that may be completed by joining the St. John’s Point-Lisburn 

swarm of Palaeogene basic dykes and the north-south Ballymoney-Randalstown 

compartment boundary.

anthropoGenic FactorS
Two small anomalies (>36.2 mg/kg) in Co. Fermanagh are coincident with urban 

environments, namely at Maguiresbridge and Lisnaskea. These anomalies are 

localised and cannot be readily defined as either natural or anthropogenic.
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Palladium (Pd)
General diStribution
Palladium (Pd) concentration in deep soil (35–50 cm depth) varies between 

the detection limit (1.1 µg/kg) and 394.9 µg/kg, and has a median value and 

interquartile range that are below the detection limit.

In the soil dataset, 88% of values report below the detection limit. However, 

as there are few published regional studies of Pd concentration in soil it is not 

possible to determine if concentrations described in this text as high or very high 

are anomalous on a global scale for this size fraction (i.e., <2 mm). The most 

geographically extensive area of anomalous Pd occurs in northwest Co. Antrim 

where a cover of Quaternary superficial deposits may conceal a potential geogenic 

Pd source.

diStribution over MetaSediMentary rockS
The few isolated Pd anomalies above detection limit (1.1 µg/kg) occur south 

and west of Londonderry as geographically extensive zones of intermediate Pd 

concentration (1.2–2.2 µg/kg) and on the east bank of the River Foyle, where 

an anomaly in mineral gley and brown earth soils extends to the south of New 

Buildings. Although no definite geogenic source has been identified for this Pd 

anomaly, the presence of northwest-southeast faults may suggest a genetic 

correlation. Despite the close proximity of the major urban centre of Londonderry, 

there is no evidence to support an anthropogenic source for these elevated 

Pd values. There are no extensive Pd anomalies associated with other urban 

centres and it is unlikely that a unique anthropogenic source of Pd is present in 

Londonderry.

On the west side of the River Foyle the area of elevated Pd concentration also 

has highly anomalous concentrations of Pb and Sn, indicative of an anthropogenic 

signature to the soil geochemistry of this area. However, elevated concentrations 

of As, Cu, Mo, and Au in this area are atypical of anthropogenic contamination and 

hint at the occurrence of precious metal mineralisation, possibly in association 

with, or hosted by, base metal sulphides. Pd anomalies over the Dalradian outcrop 

in the Sperrin Mountains are correlated with local geogenic sources such as 

metabasite sills. Several anomalies in soils overlying the outcrop of the Dart, 

Glenelly and Glengawna formations represent local geogenic occurrences of 

Pd. There is minor evidence for a correlation of Pd anomalies with lithological 

contacts. Rare Pd soil anomalies in northeast Co. Antrim suggest local geogenic 

sources in metabasite sills in the Dalradian bedrock.

diStribution over SediMentary rockS
Sporadic low natural Pd anomalies occur in soils overlying Lower Palaeozoic 

bedrock in the Southern Uplands-Down-Longford Terrane in Counties Down and 

Armagh. Five isolated anomalies in the Gala 7+1 tract suggest that the greywacke 

bedrock may have localised Pd occurrences. This tract is also distinguishable 

from the remaining tracts in the Terrane in having high soil As concentration. The 

Gala 7+1 tract shows a markedly different internal lithogeochemistry compared 

with the other tracts. Isolated single-point Pd occurrences may also be sourced 

from Palaeogene dolerite dykes in the Terrane.

Several Pd anomalies in south Co. Armagh may be derived from base 

metal sulphide mineralisation in this area. A high concentration Pd anomaly 

northwest of Derrynoose, in an area already showing anomalous As, Au, and Sb, 

a combination associated with gold mineralisation. Anomalous Pd concentrations 

near Cullaville and southwest of Crossmaglen may be sourced from localised 

base metal mineralisation.

Over the Carboniferous outcrop on the west side of Lower Lough Erne in 

Co. Fermanagh, an area of elevated soil Pd suggests a localised source in the 

Bundoran Shale Formation.

diStribution over iGneouS rockS
A single-point soil Pd anomaly (>2.2 µg/kg) on the early Ordovician Tyrone Volcanic 

Group on Slieve Gallion may be sourced in pillow lavas within this succession. 

Two isolated anomalies in soils overlying the late Caledonian Newry Igneous 

Complex may be derived from Palaeogene dolerite dykes and not from the host 

granodiorite. High Pd (>3.0 µg/kg) anomalies in soils overlying the Palaeogene 

Mourne Mountains Complex correlate with the outcrop of dolerite dykes intruding 

the G2 component of the Eastern Mournes Centre. Anomalies on the north shore 

of Carlingford Lough may also have a source in Palaeogene dolerite dykes.

The most geographically extensive area of anomalous Pd concentrations 

occurs in mineral gley, peat, groundwater humic gley and brown earth soils in 

northwest Co. Antrim. Soil Pd concentration ranges from low (<1.2 µg/kg) to 

high (>3.0 µg/kg) with only minor correlation with soil type and relatively lower 

Pd values in peat substrates. Subtle northwest-southeast trending Pd anomalies 

suggest a source, potentially from a fault line, but with later topographic or glacial 

influence on dispersion. Although undoubtedly geogenic in origin, these Pd 

anomalies cannot be traced to a specific bedrock source and the geology is 

believed to be more complex than currently understood, beneath the cover of 

Quaternary superficial deposits. Aeromagnetic data reveal the presence of a 

northeast-southwest lineament in the area of anomalous Pd values that can be 

traced from Balnamore and Milltown, west-southwest of Ballymoney, southwest 

through Aghadowey to Donald’s Hill on the western edge of the Antrim Plateau. 

The lineament is parallel to the trace of the Tow Valley Fault in this area and 

suggests the presence of an additional, but as yet unmapped, structural feature. 

A series of lineaments imaged by aeromagnetic data in this area also correlate 

with soil Pd anomalies. Anomalous concentrations of Au, Cr, Ni, Pb, Pt, and Se 

coincide with the Pd anomaly and point to a mafic igneous source with potential 

PGE prospectivity.

Along the western edge of the Antrim Plateau, a series of Pd anomalies 

extend west of the outcrop of the basal contact of basalt lava of the Palaeogene 

Antrim Lava Group onto the outcrop of the Cretaceous Ulster White Limestone 

Formation and can be traced in soils overlying the Triassic Mercia Mudstone 

and Sherwood Sandstone groups and the early Carboniferous Barony Glen 

Formation. Low natural abundance of Pd in these lithologies and the elongate 

nature of the anomalies suggest a glacial or hydromorphic dispersion of Pd from 

a basalt lava source.

A series of isolated anomalies occur over Palaeogene basalt lava of the 

Antrim Lava Group in east Co. Antrim, suggesting a geogenic source of Pd 

in the Interbasaltic and Upper Basalt formations, and in dolerite plugs such 

as at Slemish, east of Ballymena. A NNW-SSE elongate zone of elevated Pd 

concentration (>1.2 µg/kg) to the east of Clogh, in northeast Co. Antrim, is located 

directly south of the faulted contact between the Palaeogene basalt lavas and 

Dalradian bedrock. High concentration (>2.2 µg/kg) isolated anomalies along 

the Sixmilewater Fault in southeast Co. Antrim suggest a potential genetic link 

with this fault.

anthropoGenic FactorS
No clearly anthropogenic anomalies are observed. An anomaly southwest 

of Londonderry may be of either geogenic or anthropogenic origin. Although 

concomitant anomalies for other trace elements support both source types, a 

geogenic origin is favoured.

Statistics

Samples 6848

Mean 0.60

Minimum <1.10

Median <1.10

Maximum 394.90

Std Deviation 5.60

Range 393.80

Minimum detectable value 1.10

Palladium (Pd)

Deep Soils

35-50 cm depth

Lead Fire Assay/ICP-MS
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pH

Statistics

Samples 6862

Mean 4.70

Minimum 2.80

Median 4.80

Maximum 7.70

Std Deviation 0.70

Range 4.90

10g Soil (-2mm) CaCl2  

Slurry. Soil / solution ratio 1:2.5

pH

Shallow Soils

5-20 cm depth

-2 mm Fraction

General diStribution
Soil pH varies between pH 2.8 and 7.7 in shallow soils. The median value is 

pH 4.8 and the interquartile range is pH 4.4–5.2 in the sampled area. Soils of 

Northern Ireland have slightly alkaline to very acidic pH values, with the vast 

majority recording acidic values. The highest pH value (pH 7.7) is recorded in 

disturbed/urban soil at Lurgan, Co. Armagh, and the lowest value (pH 2.8) in 

peat substrate on Crockaneel (northeast Co. Antrim) and at Ballybogy (east of 

Coleraine). The most extensive zones of elevated soil pH occur at two locations 

with limestone bedrock in Co. Fermanagh and near Armagh City.

Intermediate values (pH 4.8–5.4) are found across the sampled area, and 

tend to coincide with mineral gley soils. The most extensive areas of intermediate 

pH are found on basalt lava of the Palaeogene Antrim Lava Group in Co. Antrim, 

reflecting both the uniform composition of bedrock but also the restricted range 

of soil types and environmental conditions.

Low pH values (<4.7) are associated with peat substrates in both mountainous 

and lowland terrain where production of humic and fulvic acids and CO2 in wet and 

waterlogged reducing conditions from decomposing organic matter contribute to 

the acidification of porewaters. The pH of peat substrates is generally independent 

of bedrock geochemistry. Environmental factors such as organic matter content, 

soil moisture content, topography, and rainfall all act as controls on soil pH.

diStribution over MetaSediMentary rockS
An area of low pH (<4.8) near Loughermore in Co. Londonderry is coincident 

with peat substrate. Mineral gley soils in lowland areas have intermediate values 

(pH 4.7–4.8). Brown earth soils have pH values in the range pH 4.9–5.2 on 

Dalradian metamorphic bedrock. The Sperrin Mountains have the most extensive 

area of low soil pH in Northern Ireland, ranging from pH <3.0–4.7 on peat substrate 

across all terrains. Peat substrate at Killeter Forest also has low pH (<4.7).

Mineral gley and podzol soils in the valley of the Glenelly River have locally 

elevated soil pH levels (4.7–5.5), reflecting soil improvement measures such as 

agricultural liming.

In northeast Co. Antrim, humic ranker and groundwater humic gley soils of the 

Glendun River catchment have elevated pH values (4.1–4.4) relative to adjacent 

upland areas where uniformly low pH values occur on peat substrate. Where 

peat overlies limestone bedrock, low pH values are also present, reflecting the 

dominance of surficial conditions and not bedrock composition on soil pH.

diStribution over SediMentary rockS
pH values ranging from 4.7–6.2 are present in soil overlying Devonian and 

Carboniferous bedrock in the Fintona Block in west Co. Tyrone. Peat substrates 

with marginal groundwater humic gley soils have the lowest pH (<4.3) values in this 

area. In many cases, where elevated pH anomalies occur over Palaeogene basic 

dykes, an input of base cations (for example, Ca) to the surficial environment from 

the dykes may account for the anomalies. In Co. Fermanagh, extensive zones of 

low soil pH are found in peat substrates on upland terrain such as Slieve Beagh, 

Cuilcagh Mountains and the Fermanagh Highlands. Where peat is the dominant 

surficial cover pH correlates poorly with bedrock geochemistry.

Highly sinuous pH anomalies may indicate either the influence of topography 

or of drainage channels on the movement of ions in the subsurface. Drainage 

from upland peat occurrences may account for the downslope extension of 

low pH anomalies in some instances. Base-rich soils are present overlying 

the Ballyshannon Limestone and Drumgesh Shale formations in southeast 

Co. Fermanagh. Around Armagh City, elevated soil pH values >5.4 occur 

in brown earth soils overlying limestone bedrock of the early Carboniferous 

Armagh Group.

Soils on Lower Palaeozoic bedrock of the Southern Uplands-Down-Longford 

Terrane in Counties Down and Armagh show pH values of <3.0, on peat substrates, 

to ~ pH 6.2 in soils of various types. In east Co. Down an extensive area with 

pH values ranging from 4.7–5.2 is consistent with the distribution of mineral gley 

and brown earth and mineral gley and ranker soils. Subtle northwest-southeast 

trending anomalies of both low and relatively high pH are observed across the 

Terrane, corresponding to the dominant ice flow direction during the Last Glacial 

Maximum. Sand ranker soils near Newcastle have low pH (<4.4) values likely 

resulting from a low availability of leachable basic ions.

diStribution over iGneouS rockS
Distribution of soil pH over the early Ordovician Tyrone Igneous Complex is a 

function of soil type, topography and drainage. Peat substrates have low pH 

values (<4.4) with relatively higher values (c. 4.7–5.5) in mineral gley, humic ranker 

and podzol soils. Low soil pH values extend beyond the mapped limit of peat 

substrate into adjacent soils probably as a result of drainage.

The range and distribution of soil pH over the late Caledonian Newry Igneous 

Complex is similar to pH values of soils overlying the host Lower Palaeozoic 

bedrock. This apparently seamless distribution of pH values across both the 

Terrane and the Igneous Complex is a consequence of similar superficial deposits 

and soil types as well as similar environmental factors. Soils on the Newry Igneous 

Complex also display northwest-southeast trending distribution patterns, parallel 

to the main direction of ice flow.

Soils on the Palaeogene Slieve Gullion Complex show a subtle pattern 

of low soil pH values corresponding to occurrences of peat on hilltops. Soils 

overlying granite of the Palaeogene Mourne Mountains Complex have uniformly 

low pH (<4.7) with the lowest values recorded at, and near, localities with peat 

substrate. Humic ranker and podzol soils are the dominant soil types of the 

Mourne Mountains. The high organic content of these soils may account for 

the observed low pH values. The distribution pattern of pH values in this region 

suggests localised downslope drainage of acidic porewaters.

The most continuous pH values are found in soils overlying basalt lava of the 

Palaoegene Antrim Lava Group on the Antrim Plateau with almost the full range 

of values for Northern Ireland (pH <3.0–pH 6.5) recorded in Co. Antrim. However, 

the uniform nature of soil pH in this area is a consequence of a narrow range of 

soil types and soil environments on basalt bedrock. Lowland mineral gley and 

brown earth soils have pH values ranging from pH 4.7–6.5, with a baseline range 

of pH 4.8–5.4 in a variety of soil types. Peat substrates on upland terrain show 

the lowest values (pH<4.7). Zones of low soil pH surround peat occurrences 

and confirm a transition of soil pH across soil types, in contrast to defined soil 

type boundaries.

anthropoGenic FactorS
No soil pH anomalies of certain anthropogenic origin have been identified. 

Undoubtedly, the practice of applying lime to agricultural land may impact on 

the soil pH in such environments and will be present as an artefact within the 

soil dataset. However, the variable application of lime combined with a sampling 

density of 1 site per 2 km2 will render discrete identification unlikely.
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Phosphorus Oxide (P2O5)

Statistics

Samples 6862

Mean 0.26

Minimum 0.05

Median 0.25

Maximum 1.70

Std Deviation 0.11

Range 1.65

Minimum detectable value 0.05

Potassium (P2O5)

Shallow Soils

5-20 cm depth

-2 mm soil

XRF-WD

General diStribution
Phosphorus oxide (P2O5) concentration in shallow soil varies between the 

detection limit (0.05%) and 1.70%. The median value is 0.25% and the interquartile 

range 0.19–0.32%. Large-scale regional distribution patterns for soil P2O5 are 

influenced by the composition of the bedrock and to a lesser degree the nature 

of the superficial deposits and soil type. Peat substrates generally have low P2O5 

concentrations, regardless of the bedrock. Soils overlying basalt lavas of the 

Palaeogene Antrim Lava Group and Lower Palaeozoic greywacke and mudstone 

of the Southern Uplands-Down-Longford Terrane in Counties Down and Armagh 

have the highest and most spatially extensive P2O5 concentration.

In the western half of Northern Ireland, where farming practice is less intensive, 

P2O5 distribution can be more readily and reliably correlated with the local geology. 

The distribution of soil P2O5 is influenced by land-use and farming practice, 

particularly in the east, and, to a lesser extent, topography.

diStribution over MetaSediMentary rockS
In the southern Sperrin Mountains peat substrates overlying bedrock of the Argyll 

Group (Dart, Glenelly, Glengawna and Mullaghcarn formations) generally have low 

P2O5 levels (<0.18%). Intermediate to high (>0.18%) P2O5 values occur in mineral 

gley and podzol soils in river valleys, for example the Glenelly River valley. Areas 

of relative P2O5 enrichment correlate with agricultural land use patterns as well 

as soil type. Low P2O5 concentration is not confined solely to a peat substrate, 

since there are several areas of low-concentration which extend beyond the 

margin of mapped peat, suggesting the influence of other environmental factors 

on P2O5 distribution, such as rainfall and drainage. In the Dalradian outcrop P2O5 

concentrations greater than 0.25% are generally associated with metabasite sills 

and limestones of the Dungiven Formation. In the Loughermore area in north 

Co. Londonderry, soil type and land use are the dominant controlling factors on 

P2O5 distribution. In the centre of Loughermore a large area of peat substrate is 

associated with low P2O5 levels (<0.18%) and is surrounded, firstly, by a zone of 

increased P2O5 levels (c. 0.18–0.25%) coincident with mapped mineral gley soil, 

and, secondly, an outer zone of intermediate to high concentrations (>0.25%), 

coincident with mapped brown earth, podzol and alluvium soils.

In northeast Co. Antrim there is a similar relationship between soil type 

and local geogenic sources. Mineral gley and brown earth soils overlying the 

early Devonian Cross Slieve Group have intermediate to high (>0.18%) P2O5 

concentrations. Similar high soil P2O5 levels are also found in mineral gley and 

humic ranker soils overlying Dalradian bedrock of the Glendun Formation, 

suggesting that P2O5 levels are more strongly influenced by soil type than by 

bedrock lithology.

diStribution over SediMentary rockS
Intermediate to high P2O5 levels (0.19–0.39%) occur in soils overlying Lower 

Palaeozoic bedrock of the Southern Uplands-Down-Longford Terrane in Counties 

Down and Armagh. However, regional concentrations show no obvious correlation 

with individual tracts or soil types within the Terrane. A subtle pattern of northwest-

southeast trending anomalies is noted. A very high (>0.44%) P2O5 anomaly 

at Dundonald in north Co. Down may be geogenic in origin, sourced from a 

Palaeogene dolerite sill.

Soils overlying the early Devonian Shanmullagh Formation and the early 

Carboniferous Ballinamallard Mudstone Formation in the Fintona Block in 

Co. Tyrone show variable P2O5 concentrations (0.18–0.51%), with no obvious 

correlation between soil P2O5 concentration and the type of bedrock, superficial 

deposit or soil. In southwest Co. Fermanagh, locally elevated P2O5 concentrations 

occur in soils overlying small areas within the outcrop of the early Carboniferous 

Ballysteen, Glencar Limestone and Dartry Limestone formations, and overlying 

localised Waulsortian mudmounds. The geogenic sources of the P2O5 may be 

found in the organic component of the limestone. Northwest of Enniskillen in 

Co. Fermanagh, a high P2O5 anomaly (>0.28%) coincides with two Palaeogene 

dolerite dykes, suggesting that they represent either the geogenic source or 

that soil P2O5 distribution is controlled by the dykes, for example in soil solution. 

Throughout the area of south Co. Tyrone and Co. Fermanagh low concentrations 

(<0.18%) coincide with mapped peat substrates, for example at Slieve Beagh. On 

the coast in northeast Co. Antrim there is no evident correlation between P2O5 

concentrations and either Mesozoic bedrock or soil type.

diStribution over iGneouS rockS
In Co. Tyrone, soils overlying the early Palaeozoic Tyrone Igneous Complex show 

variable P2O5 concentrations (0.08–1.70%) although localised anomalies show only 

minor correlation with the type of bedrock, superficial deposit and soil. Although 

peat substrates still show the lowest P2O5 concentrations, occasional high levels 

are observed (>0.28%). Elevated P2O5 in some peat substrates in the locality 

may reflect local anthropogenic and/or geogenic sources. Soils overlying the 

late Caledonian Newry Igneous Complex in south Co. Down show intermediate 

(0.19%) to generally high (>0.28%) P2O5 levels, although there is no obvious 

correlation between P2O5 distribution and the type of superficial deposit or soil. 

Humic ranker and brown podzol soils in the vicinity of Slieve Croob have low 

P2O5 concentrations (<0.18%).

Soils overlying bedrock of both the Newry Igneous Complex and the host 

Lower Palaeozoic Southern Uplands-Down-Longford Terrane show a similar 

range of P2O5 concentrations. Low P2O5 concentrations (<0.18%) occur over 

the granite bedrock of the Mourne Mountains Complex in south Co. Down but 

appear to be independent of bedrock, superficial deposits or soil. Soil P2O5 

concentrations decrease with altitude under the influence of anthropogenic 

factors such as land use, farming practice and environmental factors such as 

rainfall and slope.

Soil P2O5 concentrations overlying basalt lava of the Palaeogene Antrim 

Lava Group show intermediate (0.19%) to very high (1.7%) values and include 

the most extensive area of high to very high soil P2O5 in Northern Ireland. Peat 

substrates have the lowest P2O5 concentration in the area of the Antrim Plateau, 

for example west of Coleraine. Brown earth, alluvium and mineral gley soils record 

the highest P2O5 values for this area. Also noted is a rapid decrease in P2O5 

concentrations from high to very high (>0.36%) levels in the east to intermediate-

to-high concentrations in the west (0.19–0.36%). The transition, which follows a 

line from Cullybackey in the south, through Glarryford and Dunloy, to Ballymoney 

indicates a correlation with changes in the topography and in land-use rather than 

with the type of bedrock, superficial deposit or soil. East of Broughshane, very 

high (>0.58%) P2O5 anomalies lie downslope of an outcrop of the Interbasaltic 

Formation, which may be the geogenic source of P2O5 of this anomaly. Upslope, 

within the outcrop of the Upper Basalt Formation of the Antrim Lava Group, high 

soil P2O5 levels occur in brown earth and mineral gley soils. At Cloghmills, an east-

west trending zone of very high (>0.51%) P2O5 levels is observed; although the 

anomaly lies downslope of a mapped occurrence of the Interbasaltic Formation, it 

is likely that land use, farming practice and drainage account for this anomaly.

anthropoGenic FactorS
The variability of the distribution of P2O5 across individual bedrock lithologies, 

superficial deposits and soil types indicates that the distribution is heavily affected 

by land use, farming practice and topography. In Co. Down, the variable distribution 

of P2O5 bears little relation to geology and may be more closely related to the 

application of artificial fertilisers. In Co. Antrim, high soil P2O5 concentrations 

in the area between Ballymena and Armoy may be related to intensive farming 

practice and the application of artificial fertilisers.
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Platinum (Pt)
General diStribution
Platinum (Pt) concentration in deep soil (35–50 cm depth) varies between 

the detection limit (1.2 µg/kg) and 765.1 µg/kg with a median value below the 

detection limit and interquartile range from below the detection limit to 1.3 µg/kg. 

Approximately 71% of the dataset values were below the detection limit.

There are few published regional studies of Pt concentration in soil and it is 

thus not possible to determine if concentrations described in this text as high 

or very high are anomalous on a global scale for this size fraction (i.e., <2 mm). 

Extensive high concentration (>2.2 µg/kg) Pt anomalies are present in soils 

overlying basalt lava of the Palaeogene Antrim Lava Group reflecting the naturally 

elevated concentrations of PGE in basic magma. Elevated soil Pt concentration 

on Dalradian metamorphic bedrock is correlated with the presence of faults, 

metabasite sills and pillow lavas (Dungiven Formation) in this succession.

Palaeogene basic dykes in Co. Fermanagh are recognised as significant 

sources of Pt with several anomalies of potential prospectivity. Isolated, single-

point Pt anomalies are due to the nugget effect.

diStribution over MetaSediMentary rockS
An extensive zone of intermediate (>1.8 µg/kg) to high (3.1 µg/kg) Pt values 

extends from the outcrop of the Dart Formation on Oughtboy Mountain to the 

Mullaghcarn Formation in the south Sperrin Mountains. This north-south trend is 

correlated with slope and aspect and although there is no observed correlation 

with superficial deposits, there is a clear association with peat substrates. This 

north-south anomalous zone also includes a northeast-southwest trending 

curvi-linear Pt anomaly at its northern margin which can be traced from north 

of Plumbridge to Sawel Mountain. Airborne electromagnetic geophysical data 

defines an intermittent electrical conductor coincident with this northeast-

southwest anomaly. Free gold occurrences in stream sediments at the Sperrin 

Heritage Centre confirm the potential prospectivity for metalliferous mineralisation 

in this area. Over the outcrop of the Dart Formation, both the north-south and 

northeast-southwest anomalies correlate with occurrences of metabasite sills, 

suggesting a source of PGE in this lithology.

In the Newtownstewart area a series of anomalies define a general north-

south trend which may have an origin in Pleistocene ice flow directions but as 

yet this is unproven. Basaltic pillow lavas within the outcrop of the Dungiven 

Formation may provide a source for Pt anomalies in overlying mineral gley and 

brown podzol soils.

A NNE-SSW zone of low (<1.8 µg/kg) to intermediate (<3.1 µg/kg) Pt values 

extending from Newtownstewart to the Castlederg area in west Co. Tyrone, on the 

Omagh Sandstone Group, may again reflect glacial dispersion processes. In the 

Lack Inlier in west Co. Tyrone, Pt anomalies of low (<1.8) to very high (>7.9 µg/kg) 

concentration are spatially related to the Omagh Thrust Fault. In northeast 

Co. Antrim rare Pt anomalies are found in soils overlying the outcrop of the 

Dalradian Runabay Formation and adjacent to occurrences of metabasite sills.

diStribution over SediMentary rockS
Numerous, isolated, Pt anomalies (1.3– >7.9 µg/kg) occur in soils overlying Lower 

Palaeozoic bedrock of the Southern Uplands-Down-Longford Terrane in Counties 

Down and Armagh. Several anomalies occur near occurrences of the Moffat 

Shale Group along tract boundaries.

A northwest-southeast zone of low (>1.3 µg/kg) to high (<5.0 µg/kg) Pt 

values extends from Slieve Croob through Slievegarran to Dundrum Bay and 

may represent glacial transport from the Ultramafic-Intermediate Complex of the 

late Caledonian Newry Igneous Complex along the dominant ice flow direction 

during the Last Glacial Maximum. Sporadic, intermediate to high (>2.2 µg/kg) 

concentration anomalies extending northwest from Ballynahinch in Co. Down 

occur near the margin of the St. John’s Point-Lisburn swarm of Palaeogene 

basic dykes. An extensive zone of low to high (1.3– <5.0 µg/kg) Pt concentration 

in mineral gley, brown earth and ranker soils in the Holywood, Dundonald and 

Comber areas may be linked to fault offsets of both tract boundaries in the Terrane 

and of the Orlock Bridge Fault. Anomalous concentrations of As, Cr, Ni, Pb, Sb 

and Zn suggest a precious metal bearing sulphide source.

In the Fintona Block in west Co. Tyrone, intermittent, geographically extensive 

anomalies in soils overlying the Devonian Shanmullagh Formation could also 

have a source in a Palaeogene basic dyke. A very high (>7.9 µg/kg) Pt anomaly 

in peat and groundwater humic gley soils on the early Carboniferous Ballyness 

Formation in the Clogher valley in south Co. Tyrone indicates a potential source of 

Pt in this formation. However, it is also possible that several northwest-southeast 

trending Palaeogene basic dykes traversing the area could be the source of the 

Pt anomaly. There is a crosscutting relationship between the dykes and the soil 

Pt anomaly.

An extensive area of intermediate to very high (1.8>7.9 µg/kg) Pt anomalies 

to the west of Rosslea in southeast Co. Fermanagh occur in mineral gley, 

groundwater humic gley and peat substrates overlying Carboniferous bedrock, 

including the Ballyshannon Limestone and Bundoran Shale formations. The 

anomalies show a WNW-ESE trend and occur in proximity to curvi-linear faults. 

Some compartmentalisation of Pt anomalies by faults is observed. Two parallel 

WNW-ESE geophysical lineaments probably reflect intrusions of Palaeogene basic 

dykes in the order of 20–30 m wide. A similar feature occurs over Carboniferous 

bedrock on the south side of Slieve Beagh.

Intermittent high concentration anomalies in southwest Co. Fermanagh on 

Carboniferous bedrock may indicate rare occurrences of Pt.

diStribution over iGneouS rockS
Low concentration Pt anomalies (<1.8 µg/kg) in soils over the early Ordovician 

Tyrone Igneous Complex suggest an association with fault planes, lithological 

contacts and the Tyrone Volcanic Group. Pt anomalies in soils on the Tyrone 

Volcanic Group may be sourced from pillow lavas in this succession.

In Counties Down and Armagh rare Pt anomalies occur in soils overlying the 

late Caledonian Newry Igneous Complex and Palaeogene Slieve Gullion Complex, 

in association with lithological contacts and faults. Pt anomalies in podzol and 

ranker soils on the Mourne Mountains Complex are correlated with Palaeogene 

basic dyke intrusions in the granites.

A mixture of abundant isolated, and geographically continuous, anomalies 

(>1.3 µg/kg) in soils overlying basalt lava of the Palaeogene Antrim Lava Group 

on the Antrim Plateau reflect naturally elevated concentrations of PGE in basic 

magma. Two domains of geographically extensive anomalous Pt concentration are 

observed. The first extends across the Tow Valley Fault through the Castledawson-

Garvagh-Ringsend-Milltown area of northwest Co. Antrim. The second occurs in 

the Cloughmills-Dungonnell Dam-Ballymena area of east Co. Antrim. Pt anomalies 

in northwest Co. Antrim have no obvious source, but it seems likely that the 

extensive nature and high concentration of Pt confirms a geogenic source of 

undetermined nature.

The extensive area of Pt anomalies in east Co. Antrim indicates a potential 

source of Pt in the Interbasaltic Formation as well as a possible association with 

structures such as the Carnlough Fault. This anomalous Pt zone extends onto the 

outcrop of the Palaeogene (Oligocene) Lough Neagh Group on the north side of 

the Tow Valley Fault, a feature also observed in the distribution of Ca, Cr, Cu, Fe, 

Mg, Mn, Ni and P in this area. High concentrations of Fe and Mn in these soils 

suggest potential for scavenging of trace elements by their oxides. Anomalous 

concentrations of metallic elements (including Pt) point to a mineralisation source 

in the vicinity.

An anomaly extending southwest from Cam Forest to Muldonagh Hill, 

northeast of Claudy in Co. Londonderry may have been formed by glacial 

transport during the Last Glacial Maximum. However, new geophysical data 

have identified an unknown bedrock conductor which reinforces the view that 

the geology in some areas may be more complex than hitherto believed.

anthropoGenic FactorS
No potential anthropogenic sources have been observed over the 

sampled area.

Statistics

Samples 6848

Mean 1.30

Minimum <1.20

Median <1.20

Maximum 765.10

Std Deviation 9.90

Range 763.90

Minimum detectable value 1.20

Platinum (Pt)

Deep Soils

35–50 cm depth

-2 mm soil

Lead Fire Assay/ICP-MS
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Potassium Oxide (K2O)

Statistics

Samples 6862

Mean 1.38

Minimum <0.20

Median 1.47

Maximum 5.15

Std Deviation 0.72

Range 4.95

Minimum detectable value 0.10%

Potassium Oxide (K2O)

Shallow Soils

5-20 cm depth

-2 mm soil

XRF-WD

General diStribution
Potassium Oxide (K2O) concentration in shallow soil varies between 0.20% and 

5.15%, the median value is 1.47% and the interquartile range 0.74–1.95%. Soil K2O 

distribution correlates with the mineralogical composition of bedrock, in particular 

feldspar content. The most extensive area of high K2O concentration occurs over 

Lower Palaeozoic bedrock in Counties Down and Armagh.

High concentrations occur in three main areas, over the Devonian Cross 

Slieve Group in northeast Co. Antrim, over granite of the Palaeogene Mourne 

Mountains Complex and in the vicinity of the Palaeogene Slieve Gullion Complex. 

Very low (0.2%) to intermediate (1.47%) K2O occurs in soils on basalt lava of the 

Palaeogene Antrim Lava Group. Lowest values are found in areas of upland peat 

southwest of Coleraine in Co. Londonderry, in east Co. Antrim, over the Sperrin 

Mountains and in southwest Co. Fermanagh. The depletion of K2O in organic-rich 

peat substrates may account for low values.

diStribution over MetaSediMentary rockS
Variable, low to intermediate (0.24–1.68%) K2O concentrations are observed 

in soils overlying the outcrop of Dalradian metamorphic bedrock of the Dart, 

Glenelly, Glengawna, and Mullaghcarn formations in the Sperrin Mountains. 

Isolated high (>1.68%) anomalies correlate with occurrences of mineral gley and 

podzol soils in valleys.

Contrasting soil types over the outcrop of the Dalradian Claudy Formation 

at Castlederg have high to very high (>1.68– >2.43%) K2O concentrations. No 

definitive correlation of soil type with K2O distribution is observed in this area, 

with the exception of peat substrates, which have low K2O values. Anthropogenic 

influences (for example, artificial fertiliser application) may account for the high 

variability in K2O values in this area. An area of low K2O values in peat substrate at 

Loughermore, in north Co. Londonderry, is surrounded by a zone of intermediate 

K concentration (0.62–1.68%) coincident with an area of mineral gley soil. An outer 

zone of high to very high (>1.68–2.69%) soil K2O displays a high correlation with 

brown earth and alluvium soils.

Mineral gley and humic ranker soils, overlying Dalradian bedrock near 

Cushendun in northeast Co. Antrim, have intermediate to very high (0.62–5.06%) 

K2O levels on the outcrop of pebbly and coarse-grained psammite, suggesting 

a geogenic feldspar source. Distribution of K2O in this area is also correlated 

with the drainage of the Glendun River and the presence of mineral gley and 

humic ranker soils. Low K2O concentration occurs in peat substrates. Towards 

Ballycastle elevated K2O concentration is found in mineral gley, ground water 

humic gley and brown earth soils.

diStribution over SediMentary rockS
Soils overlying Lower Palaeozoic bedrock in the Southern Uplands-Down-Longford 

Terrane in Counties Down and Armagh have relatively uniform intermediate to 

high (1.47–2.69%) K2O concentrations. Soil K2O values decrease with proximity to 

the Orlock Bridge Fault. Isolated low K2O anomalies (<1.47%) may be correlated 

with localities of peat substrate. On the Mourne Plain, southeast of the Mourne 

Mountains in Co. Down, soils overlying the outcrop of the Lower Palaeozoic 

Hawick Group have very high K2O values (>2.69%), possibly due to the presence 

of thick deposits of glaciofluvial sand and gravel.

In the Fintona Block in west Co. Tyrone, soils overlying the Devonian 

Shanmullagh Formation and the early Carboniferous Ballinamallard Mudstone 

Formation have intermediate to high (0.62–2.15%) K2O concentrations. At 

the northeast extent of the outcrop of the Shanmullagh Formation, an area 

of intermediate values (0.74–1.68%) occurs at the transition from agricultural 

land to upland terrain. A northwest-southeast transition, from generally high to 

intermediate values, observed across the Tempo-Sixmilecross Fault correlates 

with a change in the bedrock and to a lesser extent a change in the type of 

soils, although topography may exert a strong control on K2O distribution in 

this area.

In Co. Fermanagh, soils on the Carboniferous succession show a range of 

K2O concentrations from very low (0.2%), in upland areas with a peat substrate, 

to intermediate (0.74–1.47%) on mineral gley soils and finally to high (>1.68%) in 

ranker soils near the south shore of Lower Lough Erne, corresponding to an 

increase in mineral and lithic content. An area of high (>1.68%) K2O concentration 

on the early Carboniferous Mullaghmore Sandstone Formation near Derrygonnelly 

is not correlated with a specific lithology or soil type. However, two Palaeogene 

basic dykes in the vicinity may influence K2O levels.

Soils on Mesozoic bedrock around the coastal fringe of Co. Antrim have 

intermediate K2O concentrations (0.74–1.47%) that are independent of the type of 

superficial deposit or soil. Locally, soils on or downslope from the outcrop of the 

early Jurassic Waterloo Mudstone Formation have high (>1.68%) concentrations. 

An area of high K2O concentration southwest of Carrickfergus in southeast 

Co. Antrim may be sourced from the late Cretaceous Ulster White Limestone 

Formation, or a possible anthropogenic source.

diStribution over iGneouS rockS
In the Moinian Central Inlier in Co. Tyrone, podzol soils overlying the Corvanaghan 

Formation show high K2O concentration (>1.68%), possibly sourced from late 

stage pegmatites enriched in muscovite and K-feldspar which could be the K2O 

source. Podzol and mineral gley soils overlying bedrock comprising layered 

gabbro and ultramafic rocks of the early Ordovician Tyrone Igneous Complex 

have intermediate to high K2O (0.74–2.43%) levels. Soils on the late Caledonian 

Newry Igneous Complex have moderately higher K2O concentration with respect 

to the surrounding bedrock of the Lower Palaeozoic Hawick Group. Anomalies 

in excess of 2.43% are more abundant in soils over granodiorite of the Complex, 

although there is no obvious correlation with the superficial deposits or soil type. 

Very high K2O concentration observed in brown podzol soils of lowland localities 

around the Palaeogene Slieve Gullion Complex may be the product of downslope 

dispersion from the felsite ring dyke. Over the Palaeogene Mourne Mountains 

Complex, the G3 granite component of the Eastern Mournes Centre shows very 

high K2O concentrations (>2.96%) which is closely related to potassium-rich 

bedrock and less to the soil types. Similar levels are also observed in a range of 

soil types overlying other granite components in the Western Mournes Centre of 

the Complex. Peat, ranker and podzol soils overlying the G2 granite component 

show intermediate K2O concentrations (0.74–1.68%). Lower soil K2O concentration 

may be correlated with topography or lithogeochemistry. A zone of intermediate 

concentration near the peak of Shan Slieve corresponds with the occurrence 

of humic ranker soils.

Two distribution patterns are observed in soils overlying basalt lava of the 

Palaeogene Antrim Lava Group. In the northern part of the Antrim Plateau, south of 

the Tow Valley Fault, soils show very low to intermediate (0.23–1.47%) K2O values. 

A zone of intermediate K2O concentration (0.74–1.18%) occurs in the west. The 

linear boundary separating these two areas of contrasting K2O values extends 

from Ballymoney through Rasharkin and Aghoghill to Randalstown. East of the 

boundary glacial till is the dominant superficial deposit while to the west there is 

a variety of Quaternary superficial deposits including till, glaciofluvial sand and 

gravel, lacustrine deposits and peat. Very low K2O values in upland areas are 

correlated with peat substrate. It is considered that neither the variation in the 

soil types nor superficial deposits nor the known geology observed across the 

boundary can account for the different K2O values. The data suggest that the 

distribution of the Lower Basalt and Upper Basalt formations in this part of the 

Antrim Plateau is compartmentalised, which could account for the variation in 

soil geochemistry. This theory is supported by aeromagnetic data which indicate 

the existence of a splay fault of the Tow Valley Fault that extends southwards 

from Ballymoney and which is coincident with this boundary line. At Tardree 

Mountain, northeast of Antrim, intermediate to high K2O values are associated 

with an occurrence of gley soil on feldspar-rich rhyolite bedrock.

anthropoGenic FactorS
The addition of artificial fertilisers to agricultural land may lead to increased soil 

K2O concentration. However, at the scale of survey no definitive anthropogenic 

anomalies have been identified.
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Selenium (Se)

Statistics

Samples 6862

Mean 0.80

Minimum <0.20

Median 0.70

Maximum 7.80

Std Deviation 0.50

Range 7.70

Minimum detectable value 0.20

Selenium (Se)

Shallow Soils

5-20 cm depth

-2 mm soil

XRF-WD

General diStribution
Selenium (Se) concentration in soil varies between the detection limit (0.2 mg/kg) 

and 7.8 mg/kg with a median of 0.7 mg/kg and interquartile range 0.6–1.0 mg/kg. 

The highest Se concentrations occur in soils overlying granite of the Palaeogene 

Mourne Mountains Complex and on upland areas of the Antrim Plateau, with 

Palaeogene basalt lava as bedrock, and of the Sperrin Mountains, with bedrock 

of Dalradian metamorphic rocks.

Sporadic high concentration anomalies in Co. Fermanagh are associated 

with the localised occurrence of pyritiferous and organic-rich sources in the 

Carboniferous bedrock. The Glenade Sandstone Formation may provide a local 

geogenic source of Se. Soils overlying Lower Palaeozoic bedrock in Counties 

Down and Armagh have low to intermediate Se concentrations.

diStribution over MetaSediMentary rockS
Mineral gley soils on the Ballykelly and Claudy formations in Co. Londonderry 

have low (0.5 mg/kg) to intermediate (<0.7 mg/kg) Se concentrations. Upland 

peat substrates have relatively higher Se concentration (>0.7 mg/kg) suggesting a 

correlation with organic matter content. High (>1.2 mg/kg) to very high (>2.3 mg/kg) 

Se concentration occurs in peat substrates overlying the Dart Formation of the 

Sperrin Mountains. At Mullaghaneany, a high Se anomaly extends south over the 

outcrop of the Glenelly and Glengawna formations and terminates at the Omagh 

Thrust Fault. A similar pattern is observed for Pb, Sb, and Sn. The southern part 

of the anomaly also shows elevated levels of Cr, Fe, K, Mg, Mn, Mo, and Ni and 

correlates with peat substrate.

A large Se anomaly near Mullaghcarn may reflect the accumulation of Se 

in peat in the presence of a local geogenic source. At Killeter Forest in west 

Co. Tyrone, high Se (>1.2 mg/kg) occurs in areas of peat substrate. However, 

the presence of intermediate (<1.2 mg/kg) Se values in certain areas of peat 

substrate suggests an underlying geogenic control. Uniformly high Se occurs 

in peat on coarse-grained lithologies of the Lough Esk Psammite and Lough 

Mourne Grit formations.

In northeast Co. Antrim, a geogenic Se anomaly occurs in upland peat 

substrate overlying coarse-grained lithologies in the Runabay and Altmore 

formations (psammite, grit, quartz segregations, feldspar pegmatites) at 

Crockaneel and Agangarrive Hill. A decrease in Se concentration downslope 

corresponds with a transition to humic ranker soils and mineral gley soils over 

the Glendun Formation.

diStribution over SediMentary rockS
Low (0.2 mg/kg) to intermediate (1.2 mg/kg) Se levels occur in soils overlying Lower 

Palaeozoic bedrock of the Southern Uplands-Down-Longford Terrane in Counties 

Down and Armagh. Several high concentration anomalies (>1.2 mg/kg) may be 

correlated with the outcrop of the organic-rich Moffat Shale Group, humic ranker 

soils (for example at Slieve Croob) and localities with sulphide mineralisation. An 

area of intermediate (0.6–1.2 mg/kg) Se concentration in mineral gley and ranker 

soils in south Co. Armagh correlates with known sulphide mineralisation. High 

Se (>1.2 mg/kg) near Cullyhanna and Crossmaglen is probably sourced from 

metalliferous sulphide mineralisation.

An area of low (<0.6 mg/kg) Se occurs in mineral gley soils derived from 

glacial till in an area that extends northeast from Markethill in Co. Armagh towards 

Dromore in Co. Down. The extension of Se distribution patterns onto the outcrop 

of the late Caledonian Newry Igneous Complex may be the result of overprinting 

by ice flow to the southeast during the Last Glacial Maximum. A NNE-SSW zone 

of intermediate Se concentration (>0.6 mg/kg) to the east of Dromore correlates 

with the distribution of mineral gley and brown earth, mineral gley and ranker soil 

types and with bedrock at or near surface. A minor correlation of intermediate 

(0.7–1.0 mg/kg) Se anomalies is noted with the St. John’s Point-Lisburn swarm 

of Palaeogene basic dykes.

In Co. Fermanagh, the natural baseline concentration for Se is 0.3–1.0 mg/kg. 

Numerous high concentration Se anomalies (>1.2 mg/kg) occur across the 

Carboniferous outcrop associated with anomalies for Cu, Mo, Pb, Sn, and Zn, 

with a suggested source in organic-rich, pyritiferous bedrock. High Se anomalies 

on the shore of Upper Lough Erne correspond with the distribution of Recent 

deposits of lacustrine alluvium and peat.

On the coast of northeast Co. Antrim, mineral gley soils overlying the late 

Triassic Mercia Mudstone Group show low (<0.6 mg/kg) Se concentrations. 

In north Co. Londonderry, soils overlying the Sherwood Sandstone and 

Mercia Mudstone groups show low (<0.6 mg/kg) to very low (<0.4 mg/kg) Se 

concentration. In this area the lowest Se values are recorded in coastal sand 

ranker soils with low organic matter content.

diStribution over iGneouS rockS
The early Ordovician Tyrone Igneous Complex has intermediate (0.6–1.2 mg/

kg) Se concentration independent of soil type. Slightly elevated concentrations 

are observed in peat substrate overlying a northwest-southeast fault zone near 

Creggan. High Se values present in soils overlying the Moinian Corvanaghan 

Formation in the Central Inlier in Co. Tyrone, and gabbro and diorite of the Tyrone 

Plutonic Group northwest of Cookstown, correlate with the distribution of peat 

and groundwater humic gley substrates.

On the late Caledonian Newry Igneous Complex Se varies from 0.2–1.0 mg/

kg. Higher Se values are present on the southeast and east flanks of the Complex. 

A Se anomaly northwest of Castlewellan, near the contact between granodiorite 

of the Northwest Pluton and Lower Palaeozoic bedrock, correlates with the 

distribution of ranker soil. Elevated Cu and Mo in soil at this location suggest a 

possible sulphide source.

Brown podzol and ranker soils overlying the outcrop of granodiorite of the 

Newry Igneous Complex within the Palaeogene Slieve Gullion Ring Dyke have 

intermediate (0.6–1.2 mg/kg) Se concentrations.

Humic ranker, podzol, peat, ranker and groundwater humic gley soils 

overlying the Mourne Mountains Complex have extensive, high (>1.2 mg/kg) 

to very high (>2.3 mg/kg) Se concentration derived from the granite bedrock. 

Intermediate Se levels along the margin of the Complex correspond to the 

distribution of groundwater humic gley soils. The most extensive area of very 

high Se concentration in Northern Ireland is found between Slieve Binnian 

and Slieve Donard. Soils in this area also have elevated Mo, Pb, Sb, Sn, and U 

concentration, possibly indicating either a late-stage magmatic fluid or sulphide 

source. Northeast of Rostrevor in south Co. Down, a Se anomaly terminates at 

the faulted contact between the G4 and G5 components of the Western Mournes 

Centre. Soil types are continuous across the fault line and deposits of glacial 

till lining the fault valley may mask the Se signature of granite bedrock. On the 

Mourne Plain, southeast of the Mourne Mountains, various processes including 

glacial activity, gravity and hydromorphic dispersion may contribute to elevated 

Se concentration in soils overlying the Hawick Group.

Soils on the Antrim Plateau overlying basalt lava of the Palaeogene Antrim 

Lava Group can be broadly classified into three areas on the basis of Se 

concentration.

a)  Lowland areas with a cover of glacial till, overlain by mineral gley soils, which 

show low to intermediate (0.5–1.2 mg/kg) Se levels.

b)  An area of mainly low lying land between Armoy, Ballymena and Rasharkin 

associated with peat, brown earth and mineral gley soils that show intermediate 

to high (1.0–2.3 mg/kg) Se levels. This is an agriculturally productive area with 

associated anthropogenic Se sources. However, high concentrations of Cr, 

Cu, Fe, Ni, and Zn also suggest potential sulphide occurrences.

c)  Upland areas with bedrock either at or near surface, and peat or 

groundwater humic gley soils, that show high to very high (>1.2 mg/kg) Se 

concentrations.

Regarded as representing the baseline Se concentration for the outcrop of 

basalt lavas on the Antrim Plateau, soils in area a have the largest spatial extent 

with no distinct contrast in Se distribution across the Lower Basalt and Upper 

Basalt formations. There is a strong correlation between very high Se anomalies 

and the outcrop of the Interbasaltic Formation.

anthropoGenic FactorS
A northeast-southwest high concentration Se anomaly west of Belfast may have 

either a geogenic or anthropogenic source. The predominance of organic-rich 

and peat substrates in this upland area may be the controlling factor on soil Se 

distribution.
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Tin (Sn)

Statistics

Samples 6862

Mean 2.60

Minimum 1.70

Median 2.40

Maximum 37.50

Std Deviation 1.00

Range 35.80

Minimum detectable value 0.50

Tin (Sn)

Shallow Soils

5-20 cm depth

-2 mm soil

XRF-WD

General diStribution
Tin (Sn) concentration in soil varies between 1.7 mg/kg and 37.5 mg/kg with a 

median value of 2.4 mg/kg and interquartile range 2.3–2.7 mg/kg. The highest 

Sn values (>5.7 mg/kg) are found in soils over granite bedrock of the Palaeogene 

Mourne Mountains Complex. Extensive high (>2.9 mg/kg) to very high (>4.8 mg/kg) 

Sn levels occur in all soil types. Sporadic high to very high Sn anomalies occur 

across Northern Ireland. Intermediate (2.4–2.9 mg/kg) Sn values are present in 

soils in Co. Down, Co. Fermanagh, and east Co. Antrim. Low (<2.4 mg/kg) Sn 

concentrations are found in soils across all of Northern Ireland, with no obvious 

preference for any particular bedrock lithology, type of superficial deposit or soil. 

The lowest (2.1 mg/kg) values are recorded in northwest Co. Armagh and in parts 

of Co. Tyrone. The most distinctive feature of the dataset is the anthropogenic 

influence on the concentration and distribution of Sn in soil. Numerous isolated or 

confined single-point anomalies of high to very high Sn concentration are directly 

correlated with villages, towns, and cities. In some cases road intersections and 

isolated hamlets also show soil Sn anomalies.

diStribution over MetaSediMentary rockS
A high concentration (>3.6 mg/kg) anomaly southwest of Londonderry in brown 

earth soils overlying Dalradian bedrock may be of geogenic or anthropogenic origin. 

The anomaly covers a wide area, with no obvious geogenic source. However, 

elevated As levels in soils suggest a geogenic rather than an anthropogenic 

origin is more likely.

Sn anomalies also occur on or adjacent to the outcrop of metalimestone 

in the Claudy Formation, east of Strabane, where their rural location suggests 

a geogenic source. In the Sperrin Mountains a northwest-southeast zone of 

intermediate (2.4–2.9 mg/kg) Sn levels occurs in peat, but extends beyond its 

known extent. The zone starts over the Dart Formation and continues south 

across the outcrop of the Glenelly and Glengawna formations, terminating at 

the Omagh Thrust Fault. A series of high (>2.9 mg/kg) Sn anomalies occurring 

within this zone are independent of topography, type of superficial deposit and 

bedrock lithology. The source of the Sn is unknown and, although considered 

to be geogenic in origin, may have an anthropogenic source. It is likely that the 

Sn content of peat substrates may not reliably correlate with Sn content of older 

superficial deposits or bedrock.

Near Castlederg in northwest Co. Tyrone, a zone of intermediate Sn 

concentrations occurs across a variety of Dalradian bedrock lithologies and soil 

types. Sn anomalies lie near metabasite sills and metalimestone beds, suggesting 

a geogenic source. In northeast Co. Antrim, high Sn concentrations occur in 

upland peat substrates but the presence of metabasite sills and of faults may 

indicate geogenic sources.

diStribution over SediMentary rockS
Sn concentration in soils overlying Lower Palaeozoic bedrock of the Southern 

Uplands-Down-Longford Terrane in Counties Down and Armagh ranges from 

low (2.1 mg/kg) to very high (>5.7 mg/kg). High levels may be of geogenic or 

anthropogenic origin. Although the baseline Sn concentration increases towards 

the northeast part of the Terrane, there is no clear geogenic source or soil related 

factor and the increased population density of population may be responsible for 

the elevated background values.

An extensive zone of elevated Sn east of Belfast may be of mixed 

anthropogenic and geogenic origin although a geogenic source is more likely. A 

series of anomalies occurs along the trend of the St. John’s Point-Lisburn swarm 

of Palaeogene basic dykes. An anomaly near Portaferry, in the south of the Ards 

Peninsula, occurs in an area with abundant late Caledonian lamprophyre dykes. 

This locality also has numerous occurrences of galena mineralisation as veinlets 

on cleavage planes. At Castlewellan Sn anomalies occur near a site of known 

galena mineralisation.

Soils on the Mourne Plain, southeast of the Mourne Mountains, overlying the 

Lower Palaeozoic Hawick Group show high (>3.1 mg/kg) Sn concentration. The 

superficial deposits consist of glaciofluvial sand and gravel which was deposited 

by meltwater emanating from an ice front located over and around the edge of 

the Mourne Mountains. High soil Sn concentration on the Mourne Plain may 

result from glacial dispersion of the anomaly and or hydromorphic dispersion 

processes, with a geogenic source of Sn from granite bedrock.

In Co. Fermanagh low to intermediate Sn concentration occurs in soils 

overlying Carboniferous bedrock. Sn anomalies occur over the Bundoran Shale 

and Benbulben Shale formations and may have a geogenic source. Curiously, 

peat substrates covering the Fermanagh Highlands and Slieve Beagh do not 

have high Sn concentrations, as elsewhere.

diStribution over iGneouS rockS
Over the early Ordovician Tyrone Igneous Complex geogenic sources of Sn include 

the granite plutons. Soil types in the vicinity of Slieve Gallion have intermediate 

Sn concentration. Over the outcrop of the Moinian Corvanaghan Formation and 

Tyrone Volcanic Group soils also show elevated Sn concentration.

Soils overlying the late Caledonian Newry Igneous Complex have low 

(<2.4 mg/kg) to intermediate (<2.7 mg/kg) Sn concentrations, and no correlation 

with the type of superficial deposit or soil type. The concentration and distribution 

of Sn is continuous across the contact of the granodiorite plutons with their 

host Lower Palaeozoic bedrock. The margins of the granodiorite plutons cannot 

be readily demarcated on the basis of soil Sn concentration or distribution. An 

extensive area of high (>2.9 mg/kg) Sn in soils of the Newry area is likely to be of 

mixed anthropogenic and geogenic source.

Soils of various types overlying granite of the Palaeogene Mourne Mountains 

Complex have high (>2.9 mg/kg) to very high (>4.8 mg/kg) Sn levels, which 

correlate with the high natural abundance of cassiterite in the bedrock. Highest 

Sn values occur in ranker and podzol soils near Slieve Donard.

Soils overlying basalt lava of the Palaeogene Antrim Lava Group on the 

Antrim Plateau show a range of Sn concentration from low (<2.4 mg/kg) to 

high (>2.9 mg/kg). Peat substrates on upland terrain exhibit the highest Sn 

concentration over basalt bedrock. Occasionally Sn anomalies may be correlated 

with the outcrop of the Interbasaltic Formation.

anthropoGenic FactorS
Anthropogenic anomalies of Sn occur at towns across Northern Ireland, including 

Antrim, Armagh, Ballymena, Coleraine, Craigavon, Downpatrick, Enniskillen, 

Lurgan, Magherafelt, Newry, Omagh, Portadown, Strabane, Londonderry and 

Belfast.

Numerous smaller anomalies occur at places with sustained and long-term 

human activity, such as road intersections. The widespread and conspicuous 

nature of anthropogenic Sn indicates that there are sources of and mechanisms 

for contributing Sn to the environment that are generally independent of population 

density and spatial extent of urbanisation.
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Uranium (U)

Statistics

Samples 6862

Mean 2.50

Minimum <0.50

Median 2.30

Maximum 142.90

Std Deviation 2.80

Range 142.90

Minimum detectable value 0.50

Uranium (U)

Shallow Soils

5-20 cm depth

-2 mm soil

XRF-WD

General diStribution
Uranium (U) concentration in soil varies between detection limit (0.5 mg/kg) 

and 142.9 mg/kg, with a median value of 2.3 mg/kg and interquartile range 

1.7–2.8 mg/kg. The highest concentrations are found overlying the Palaeogene 

Mourne Mountains Complex, reflecting the high natural abundance of U-bearing 

minerals (e.g., zircon, apatite, monazite) in granite bedrock. Elevated levels also 

occur over Carboniferous bedrock in Co. Fermanagh where values are lower, 

relative to the Mourne Mountains Complex, but more spatially extensive. Lowest 

values occur in soils over basalt lava of the Palaeogene Antrim Lava Group, 

reflecting their low natural abundance of U-bearing minerals.

diStribution over MetaSediMentary rockS
In south Co. Tyrone soils overlying the outcrop of the Dart, Glenelly, Glengawna 

and Mullaghcarn formations generally have intermediate (1.6–2.3 mg/kg) U 

concentrations. Despite the close affinity of U to organic matter, peat substrates 

do not have elevated U concentrations. Several low (<1.6 mg/kg) concentration 

anomalies correlate mildly with groundwater humic gley soil. The restricted 

range of U concentration and lack of correlation with bedrock lithology, type 

of superficial deposit or soil type suggests U levels in the underlying Dalradian 

bedrock are low.

An extensive area of elevated U values (>2.5 mg/kg) in mineral gley soils occurs 

in the vicinity of Castlederg in northwest Co. Tyrone, with only minor correlation 

with soil type. A potential source of U may occur in metalimestone (pyritised 

and organic-rich) and to a lesser extent in metabasite sills, in the Dalradian 

succession. Several anomalies occur in soils overlying or immediately adjacent 

to these lithologies. A local geogenic source of U may also be present in the early 

Carboniferous Claragh Sandstone Formation (coarse, pebbly, arkosic).

In northeast Co. Antrim intermediate U soil (1.6–2.3 mg/kg) concentrations 

are observed over the Dalradian outcrop. A moderately extensive zone of elevated 

U concentration (>2.5 mg/kg) occurs around the base of Knocklayd Mountain, 

south of Ballycastle. Two potential geogenic sources for these elevated values 

are the Cretaceous Ulster White Limestone Formation (chalk) and metabasite 

sills in the Dalradian succession. Although the latter is considered the more likely 

source, the presence of phosphate nodules in the Cretaceous chalk could yield 

U to the surficial environment.

diStribution over SediMentary rockS
Elevated (>2.5 mg/kg) U concentration is present in soils on Lower Palaeozoic 

bedrock of the Southern Uplands-Down-Longford Terrane in Counties Down and 

Armagh. Soils overlying the Hawick Group in the southern part of the Terrane 

at Lecale show relatively uniform U concentration compared with other tracts. 

The origin of these levels is not known but may relate to the late Caledonian 

lamprophyre dykes in the area or to the proximity of bedrock to surface in many 

parts of Lecale. Elevated U in mineral gley, brown podzol and groundwater humic 

gley soils of the Mourne Plain, southeast of the Mourne Mountains, may be derived 

from the thick deposits of glaciofluvial sand and gravel that originated from an ice 

sheet that flowed around and through the area during the Last Glacial Maximum. 

Southeast of the Orlock Bridge Fault, near the northwest edge of the Terrane 

a zone of intermediate (1.7–2.3 mg/kg) U levels lies parallel to the northeast-

southwest orientated fault. This zone of atypically low soil U levels may be the 

result of overprinting by glacial till composed largely of material derived from the 

outcrop of basalt lava of the Antrim Lava Group to the north.

A correlation of elevated soil U with limestone bedrock may reflect its 

natural accumulation in organic-rich rocks. This association is evident overlying 

the early Carboniferous Armagh Group around Armagh City, and in south 

Co. Fermanagh, where elevated soil U values (2.5– >4.0 mg/kg) coincide with the 

outcrop of limestone and mudstone-dominated formations in the Carboniferous 

succession.

Extensive northwest-southeast orientated zones of elevated soil U levels 

present in Co. Fermanagh on the southwest side of Lower Lough Erne and 

on both sides of Upper Lough Erne correspond to the outcrop of Palaeogene 

dolerite dykes. However, the large spatial extent of these zones suggests that 

the dykes are not the only source of the soil U anomalies, which appear to be 

independent of the type of superficial deposit or soil. The zones, which also 

show elevated Mo levels, may reflect a contribution from a geogenic source, in 

particular, from the oxidation of pyrite in limestone and mudstone bedrock of 

the Ballyshannon Limestone and Bundoran Shale formations during weathering. 

Elevated U values also occur at, or adjacent to, the contact between these 

Formations in the Lisnaskea area.

Soils overlying the outcrop of the Devonian Shanmullagh Formation and 

the early Carboniferous Ballinamallard Mudstone Formation in the Fintona 

Block in west Co. Tyrone have a range of U concentrations from 1.7–2.5 mg/kg. 

Distribution is not correlated with different types of superficial deposit or soil type, 

although a minor correlation with the outcrop of Palaeogene dolerite dykes is 

observed. Variation in concentration across the Tempo-Sixmilecross Fault, along 

its northern contact with the Ballinamallard Mudstone Formation, suggests either 

a topographic or geogenic control on U distribution.

diStribution over iGneouS rockS
Soils overlying the early Ordovician Tyrone Igneous Complex generally have 

intermediate (1.7– <2.5 mg/kg) U levels. A single-point U anomaly in groundwater 

humic gley soils near Slieve Gallion may correspond to a source in silicic bedrock 

in the Tyrone Volcanic Group in that area.

Soils overlying the late Caledonian Newry Igneous Complex range from 

2.5– >4.0 mg/kg U and are consistent with its natural abundance in an igneous 

body of intermediate composition. Slightly elongate U anomalies, up to 2–3 km 

in length, with a subtle northwest-southeast trend are observed. Occurrences 

of elevated soil U (>4.0 mg/kg) over the Complex may be related to areas where 

the granodiorite bedrock is at or near the surface, or to areas of Recent alluvium 

or brown podzol and humic ranker soils.

Within the Palaeogene Slieve Gullion Complex in south Co. Armagh, a 

northwest-southeast zone of elevated (>5.5 mg/kg) U in brown podzol and ranker 

soils coincides with the outcrop of the main granophyre intrusion. Anomalies in 

the immediate vicinity of Newry correspond to localities with bedrock either at 

or near surface.

Soils overlying granite bedrock of the Mourne Mountains Complex show the 

highest U values (>5.5 mg/kg) in Northern Ireland and demonstrate no obvious 

correlation with soil type. In areas of peat substrate, U levels are relatively low. 

Intermediate concentrations (1.7–2.3 mg/kg) between Deers Meadow and Slieve 

Muck occur in an area of humic gley soil and peat substrate overlying Lower 

Palaeozoic bedrock, between the Eastern Mournes and Western Mournes 

centres. Elevated concentration (>5.5 mg/kg) between Slieve Binnian and Slieve 

Donard, in the Eastern Mournes Centre, may be related to podzol soils and the 

presence of bedrock either at or near surface. The spread of U anomalies from 

granite bedrock onto Lower Palaeozoic outcrop may be due to the effects of 

gravity and hydromorphic dispersion or to glacial overprinting during the Last 

Glacial Maximum. River drainage, glacial overprinting or the effects of gravity 

and hydromorphic dispersion may cause a U anomaly to extend from the G2 

component of the Eastern Mournes Centre onto the outcrop of the Hawick Group 

near Annalong in southeast Co. Down. Soil values near Maggy’s Leap, on the 

eastern coastal fringe of Slieve Donard, suggest a transport of U downslope to 

the coast.

U soil levels overlying basalt lava of the Palaeogene Antrim Lava Group on 

the Antrim Plateau range from very low (<0.6 mg/kg) to intermediate (<2.3 mg/kg) 

and are the lowest U concentrations in Northern Ireland, reflecting the low natural 

abundance of U in this rock type. Soils overlying silicic bedrock of the Palaeogene 

Tardree Rhyolite Complex near Antrim town show elevated U levels (>2.5 mg/kg). 

Extensive, intermediate U levels (1.6–2.3 mg/kg) in soils overlying the Upper Basalt 

Formation, north of the Tow Valley Fault in the Ballymoney area, may correlate 

with environmental factors including land use, topography and drainage, as 

opposed to variation in the composition of bedrock. The lowest U concentrations 

generally occur in upland areas with peat cover and in soils southeast of a line 

from Cushendall to Antrim, in east Co. Antrim.

anthropoGenic FactorS
No anthropogenic sources of U have been observed in soils of Northern Ireland. 

The distribution of soil U demonstrates visual correlation with known areas of 

elevated indoor radon, e.g., Strabane and the southeast part of Co. Down.
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Zinc (Zn)

Statistics

Samples 6862

Mean 78.30

Minimum 2.80

Median 71.80

Maximum 2460.50

Std Deviation 54.30

Range 2457.70

Minimum detectable value 1.20

Zinc (Zn)

Shallow Soils

5-20 cm depth

-2 mm soil

XRF-WD

General diStribution
Zinc (Zn) concentration in soil varies between 2.8 mg/kg and 2,460 mg/kg, with 

a median value of 71.8 mg/kg and interquartile range 47.0–101.9 mg/kg. The 

highest soil Zn concentration (2,460 mg/kg) in Northern Ireland is found in south 

Co. Armagh, south of Tullynawood Lake, 5 km south-southeast of Keady. In this 

area extensive high to very high (>149.9 mg/kg) Zn anomalies coincide with known 

base metal sulphide mineralisation.

High baseline concentrations in soils overlying basalt lava of the Palaeogene 

Antrim Lava Group reflect the natural abundance of Zn in this rock type. Over the 

Carboniferous outcrop, especially in Co. Fermanagh, localised geogenic sources 

of Zn to soil (>82.1 mg/kg) are found in the occurrence of diagenetic sulphide and 

in its natural accumulation in organic-rich mudstone and limestone.

Soils overlying the late Caledonian Newry Igneous Complex and the 

Palaeogene Mourne Mountains Complex show intermediate to low Zn levels, a 

consequence of low natural abundance of Zn in these rock types.

Potential anthropogenic anomalies are observed around the towns of Omagh, 

Armagh and Ballymena.

diStribution over MetaSediMentary rockS
Zn concentration is variable in soils overlying the Dalradian outcrop of metamorphic 

rocks of the Dart, Glenelly, Glengawna and Mullaghcarn formations, ranging from 

low (13.4 mg/kg) to high (101.9 mg/kg). Peat substrates generally have low Zn 

concentrations. Anomalies traverse topography of varying aspect and slope 

suggesting potential correlation with soil type and to a lesser extent drainage. 

Small isolated anomalies scattered throughout Co. Tyrone and Co. Londonderry 

correlate with the outcrop of metabasite sills and of metalimestone in the Dalradian 

succession. Some anomalies occur close to known occurrences of gold, galena, 

chalcopyrite and malachite. A high anomaly (>71.8 mg/kg) near the summit of 

Mullaghcarn is part of a zone of elevated Zn that extends north for about 10 km 

to Craignamaddy.

Near Castlederg, metabasite sills and metalimestone in the Dalradian 

succession may provide a geogenic source of Zn for a zone of extensive high 

concentration (>71.8 mg/kg) anomalies with a ENE-WSW trend, in various soil 

types. At Carnanelly Mountain hydromorphic dispersion may result in downslope 

(southerly) extension of a Zn anomaly from the outcrop of the Glenelly Formation 

onto the outcrop of the Glengawna Formation where it terminates, near the 

Omagh Thrust Fault.

In northeast Co. Antrim, soils overlying Dalradian bedrock show a range of 

Zn concentrations from low (22.2 mg/kg) to high (119.1 mg/kg). High values are 

found in close proximity to the outcrop of chalk of the Cretaceous Ulster White 

Limestone Formation and basalt lava of the Palaeogene Lower Basalt Formation. 

Metabasite sills in the Dalradian succession may provide a local source of Zn.

diStribution over SediMentary rockS
Intermediate (41.7 mg/kg) to very high (2,460 mg/kg) Zn concentrations are 

observed in soils overlying Lower Palaeozoic bedrock of the Southern Uplands-

Down-Longford Terrane in Counties Down and Armagh. There is no obvious 

correlation of Zn distribution with lithostratigraphy or the type of superficial deposit 

or soil. Extensive, very high concentration, anomalies (>149.9 mg/kg) are found 

in south Co. Armagh, south of Keady. Occurrences of galena and pyrite are 

abundant in this area and Pb has been mined historically in the South Armagh-

Monaghan Mining District. Mineral occurrences at Cargalisgorran, Derrynoose, 

Carrickgalloghy and Creggan are associated with very high soil Zn anomalies. 

Soil Zn distribution in this area is consistent with known mineral occurrences 

and outlines new prospectivity. The main Zn anomaly (>209 mg/kg) occurs in 

soils of the Gala 5 and Gala 6 tracts in the vicinity of Darkley and Aughnagurgan, 

about 4 km southeast of Keady. A geogenic sulphide source is proposed. 

Some anomalies are associated with northwest-southeast fault structures. Near 

Creggan, 3 km northeast of Crossmaglen, a Zn anomaly (>101.9 mg/kg) extends 

to the west-northwest and increases in concentration towards the border with 

Co. Monaghan.

A northeast-southwest zone of Zn anomalies (>149.9 mg/kg) in mineral gley, 

humic ranker and brown earth soils overlying the Hawick Group outcrop between 

the Burren (southeast of Newry) and east of Castlewellan, may be related to 

hydrothermal fluid movement associated with either the late Caledonian Newry 

Igneous Complex to the northwest or the Palaeogene Mourne Granite Complex 

to the southeast. The anomalies are not correlated with the type of superficial 

deposit or soil. There is a correlation between very high Zn values and the outcrop 

of Palaeogene dolerite and felsite dykes, although the Zn anomalies may not be 

exclusively sourced from minor intrusions. The high Zn anomaly in the Burren 

area terminates at the Newry Fault.

Near Portaferry in the south of the Ards Peninsula in southeast Co. Down, a Zn 

anomaly (>130.7 mg/kg) occurs near the outcrop of late Caledonian lamprophyre 

dykes and known occurrences of sphalerite, galena and chalcopyrite. On the 

Mourne Plain southeast of the Mourne Mountains, thick deposits of glaciofluvial 

sand and gravel mask the Zn signature of the Hawick Group. Glacial dispersion 

by ice flowing to the southeast during the Last Glacial Maximum may account 

for anomalies on the north shore of Carlingford Lough in south Co. Down. Local 

Palaeogene dykes may also provide a source of Zn. A northwest-southeast 

zone of high Zn (>82.1 mg/kg) levels north of Ballynahinch correlates with the 

trend of the St. John’s Point-Lisburn swarm of Palaeogene basic dykes. In 

Co. Fermanagh extensive high concentration (>82.1 mg/kg) anomalies on the 

shores of both Upper and Lower Lough Erne are independent of the type of 

superficial deposit or soil. They may relate to the presence in the Carboniferous 

bedrock of locally carbonaceous and pyritiferous lithologies that could provide 

a source of Zn. Elevated concentrations of Cd, Mo, U and Zn are also noted in 

this area. Northwest of Enniskillen two very high (149.9 mg/kg) Zn anomalies 

are located at the intersection of Palaeogene dolerite dykes with the contact 

between the early Carboniferous Ballyshannon Limestone and Bundoran Shale 

formations.

Soils overlying the Devonian Shanmullagh Formation and the early 

Carboniferous Ballinamallard Mudstone Formation in the Fintona Block in west 

Co. Tyrone have intermediate (>47.0) to high (101.9 mg/kg) Zn concentrations. 

Confined, high concentration anomalies (>82.1 mg/kg) are correlated with the 

outcrop of Palaeogene dykes as revealed by aeromagnetic data.

diStribution over iGneouS rockS
Soils overlying the early Ordovician Tyrone Igneous Complex show a range of 

Zn concentration from low (16.2 mg/kg) to intermediate (71.8 mg/kg). Several 

high concentration (>82.1 mg/kg) geogenic anomalies occur near Carrickmore 

in Co. Tyrone, at the unconformity between the Shanmullagh Formation and 

the Tyrone Plutonic Group, and over the Tyrone Volcanic Group northwest of 

Moneymore. Soils on the late Caledonian Newry Igneous Complex generally 

have intermediate concentrations (41.7–71.8 mg/kg) with sporadic high and 

low anomalies. Soils over the Palaeogene Mourne Granite Complex have low 

(13.4 mg/kg) to intermediate (61.4 mg/kg) concentrations having only minor 

correlation with soil type. In both cases there is a dominant lithogenic influence 

on Zn concentration and distribution.

Soils overlying the outcrop of basalt lava of the Palaeogene Antrim Lava Group 

on the Antrim Plateau show a range of Zn concentrations from low to intermediate 

values (<71.8 mg/kg) in peat substrates, and high (>82.1 mg/kg) to very high 

values (2,460 mg/kg) in a variety of different soil types. Very high values may be 

of mixed geogenic and anthropogenic origin. A zone of elevated high to very high 

concentrations extends south from the Tow Valley Fault, terminating at Ballymena. 

Similar distribution patterns are observed for Cr, Cu and Ni. The coincidence 

of very high soil Zn anomalies with the outcrop of the Interbasaltic Formation 

suggests a likely source for the Zn. At Ballymoney, a splay of the Tow Valley 

Fault, as defined by aeromagnetic data, extends south towards Randalstown. 

A subtle contrast in Zn concentrations is observed across this structure with 

relatively higher values typifying soils of different composition and type on the 

east side of the structure. Low (<41.7 mg/kg) to intermediate (<71.8 mg/kg) Zn 

concentrations occur in deposits of peat, brown earth soil and Recent alluvium 

along the valley of the River Bann.

anthropoGenic FactorS
Three anomalies are regarded as potentially anthropogenic. The high correlation of 

Zn distribution with the towns of Armagh and Omagh suggests an anthropogenic 

source, although At Armagh there may be a localised geogenic source of Zn in 

Carboniferous limestone bedrock. At Ballymena, anthropogenic overprinting on 

a naturally high baseline concentration may account for the presence of very high 

(>149.9 mg/kg) Zn concentrations.
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Antimony (Sb)

Statistics

Samples 5860

Mean 0.66

Minimum 0.25

Median 0.50

Maximum 19.80

Std Deviation 0.63

Range 19.55

Minimum detectable value 0.50

Antimony (Sb)

Stream Sediments

-150 μm Fraction

XRF-ED

General diStribution
Antimony (Sb) concentrations were below the detection limit of 1.0 mg/kg for 

approximately 85% of the analysed stream sediment samples, so systematic 

differentiation between the major lithostratigraphical units is not possible. However, 

baseline concentrations are clearly enhanced (1.1–1.6 mg/kg) over extensive parts 

of the Lower Palaeozoic outcrop in Counties Down and Armagh relative to other 

lithostratigraphical units in Northern Ireland. There is also evidence of local Sb 

enrichment (1.6–4 mg/kg) over black-shale facies in the Carboniferous succession 

of Counties Fermanagh and Armagh.

Many of the anomalous Sb values (>2 mg/kg) shown on the map lie in the 

vicinity of known mineralisation within both Dalradian and Lower Palaeozoic 

rocks, while other anomalies provide possible evidence of previously unknown 

occurrences of metalliferous mineralisation. Some highly elevated Sb values 

(up to 10 mg/kg) are directly related to anthropogenic activity and point-source 

contamination of sample sites.

diStribution over MetaSediMentary rockS
There are significant Sb anomalies located over the Dalradian outcrop in the 

south Sperrin Mountains in Co. Tyrone. An extensive zone of elevated values 

(1.6–7 mg/kg) occurs in the Newtownstewart-Castlederg area, close to the 

Carboniferous unconformity. The strongest anomalies are clustered in an area 

approximately 5 km southeast of Castlederg over lithologies of the Dungiven 

Formation, that include metabasite intrusions and bands of metalimestone. Other 

elements of metalliferous exploration interest, notably Ba, As and Zn, show 

generally elevated values in this area, indicating a possible mineralised source.

Further substantial anomalies (up to 12 mg/kg) occur over rocks of the 

Mullaghcarn Formation in the Lack Inlier, southwest of Omagh, and to the 

northeast of Omagh in the south Sperrin Mountains. Whilst there are numerous 

known bedrock occurrences of Pb-Zn and Au mineralisation in the vicinity, they 

do not precisely correlate with these Sb anomalies which may therefore indicate 

further occurrences of metalliferous mineralisation. Zones of Sb enrichment are 

notably less extensive in the Sperrin Mountains than anomalies for Au, Pb and 

As, suggesting that Sb may not be an effective Au pathfinder in this area.

Isolated Sb anomalies occur over the Dalradian outcrop in the Killeter area of 

west Co. Tyrone, and between Londonderry and Strabane. The latter anomaly 

is accompanied by elevated gold values in stream sediments.

The highest Sb value encountered in the stream sediment survey (19.8 mg/kg) 

lies in Glendun in northeast Co. Antrim, over the outcrop of the Southern Highland 

Group and is associated with highly anomalous Pb and Au concentrations, 

providing a robust indication of mineralisation in the upstream catchment.

Elsewhere, over Dalradian and Moinian outcrop, values are uniformly less than 

the detection limit, with the exception of a few scattered minor anomalies that are 

considered to be attributable to site contamination or co-precipitation/sorption 

with secondary hydrous Fe-oxide coatings in the stream environment.

diStribution over SediMentary rockS
In the Southern Uplands-Down-Longford Terrane in Counties Down and Armagh 

the outcrop of Lower Palaeozoic rocks exhibits the most extensive zones of 

Sb enrichment within Northern Ireland; concentrations of 1.1–1.6 mg/kg are 

encountered over rocks of both the Hawick and Gala groups, with more intense 

anomalies superimposed on this elevated baseline. The highest values occur in 

the general vicinity of former lead mining districts of Derrynoose-Keady in south 

Co. Armagh (up to 7.4 mg/kg), and Conlig-Whitespots in north Co. Down.

In south Co. Armagh, elevated Sb values extend for approximately 20 km 

along strike in the Gala Group, from the border with the Republic of Ireland, through 

the Keady area, to Markethill. In the latter area, elevated values extend northwards 

across the Orlock Bridge Fault into the Ordovician Gilnahirk Group. Associated 

anomalous concentrations of other metals and/or As are often present.

In Co. Down there is a striking similarity between zones of baseline Sb 

elevation and anomalous gold concentrations in stream sediments. The Sb 

distribution is much less noisy than that of gold and may yet prove to be a valuable 

pathfinder for gold mineralisation in this geological Terrane.

Apart from the Conlig-Whitespots area, there are three other interesting zones 

of enrichment in Co. Down: the first extending southwards from Belfast across the 

strike of the Gala Group to Ballynahinch, the second Bangor-Donaghadee, and 

the third over much of the Hawick Group outcrop and the Portaferry Tract in the 

Portaferry-Downpatrick-Ardglass area. In all these three areas the geochemistry 

indicates either numerous discrete mineralised sources of epigenetic base 

metals/gold mineralisation, or more widespread, disseminated enrichment of 

metals in the underlying bedrock.

Sb anomalies (up to 5.5 mg/kg) located northeast and southwest of Banbridge 

lie directly along strike from each other near the southern faulted margin of one 

of the Gala Group tracts. Northeast of Ballynahinch, anomalous Sb levels are 

coincident with elevated U, Cu and Mo concentrations, indicative of sedimentary 

enrichment in an argillaceous, organic-rich black-shale type succession, and may 

thus reflect the outcrop of the Moffat Shale Group.

The Devonian and Carboniferous outcrop in Northern Ireland exhibits 

uniformly low concentrations of <1 mg/kg, with the exception of two clusters of 

elevated concentrations in mudstone facies in south Co. Fermanagh, and south 

Co. Armagh. Associated enrichment of Cu, Mo, U and Se suggest enhancement 

in an organic-rich, black-shale type succession.

No features of geological interest occur over the outcrop of Mesozoic 

or Cenozoic lithologies. Elevated Sb concentrations in the Lagan Valley are 

considered to reflect anthropogenic activity and sample site contamination.

diStribution over iGneouS rockS
Anomalous concentrations of Sb (2–7 mg/kg) occur over parts of the early 

Ordovician Tyrone Igneous Complex, apparently in geographical association 

with minor quartz-porphyry arc-related intrusive bodies close to the margins of 

the Slieve Gallion granite pluton. Elevated gold and arsenic concentrations are 

also present in this area. A further zone of anomalous Sb values occurs over the 

Tyrone Igneous Complex near Creggan, over lithologies of the Tyrone Volcanic 

Group. Gold and arsenic are also elevated in these samples although high Fe 

concentrations and the prevalence of peat bogs may indicate that concentrations 

have been enhanced through co-precipitation with secondary hydrous Fe-oxide 

coatings in the stream environment.

Sb concentrations are uniformly low over the other major intrusive igneous 

complexes in Northern Ireland. The outcrop of basalt lava of the Palaeogene 

Antrim Lava Group in Co. Antrim is almost devoid of any detectable Sb in stream 

sediments. The only values above the detection limit of 1 mg/kg are attributable 

to anthropogenic contamination.

anthropoGenic FactorS
For Sb, the regional stream sediment distribution appears to be quite sensitive to 

anthropogenic activity and concomitant sample site contamination. Two major 

Sb anomalies close to Aldergrove, Co. Antrim (4.4 mg/kg) and between Coleraine 

and Castlerock, Co. Londonderry (9.6 mg/kg) can be linked to observed site 

contamination. Coincident Sn, Cu, Zn and Pb anomalies are also present. Other 

zones of elevated Sb concentrations (1.1–2.1 mg/kg) adjacent to the southern 

margin of Belfast and along the Lagan Valley probably reflect a contribution from 

anthropogenic sources. The major anomaly between Bangor and Newtownards 

reflects two heavily contaminated samples collected in urban/peri-urban 

environments.

Concentrations of 4.7 mg/kg (Newtownards) and 2.8 mg/kg (south side of 

Bangor) are associated with elevated val ues of other metallic elements, notably 

Pb, Zn and Sn and likely to be influenced by dispersion of spoil from nearby former 

lead mines at Whitespots and Conlig, as well as urbanisation.

Many other minor, single-site anomalies in the western part of the province 

are likely to reflect point-source, sample site contamination.
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Arsenic (As)

Stream Sediments

-150 μm Fraction

XRF-WD

Arsenic (As)

Statistics

Samples 5874

Mean 15.00

Minimum <0.90

Median 9.00

Maximum 1400.00

Standard Deviation 34.70

Range 1400.00

Minimum detectable value  0.90

General diStribution
Arsenic (As) concentrations in stream sediments range over four orders of 

magnitude. The distribution shows strongly developed regional patterns that 

are apparently controlled by three main factors, namely lithological variation, 

fluid movement including hydrothermal mineralisation processes, and secondary 

enhancement in the surface environment by sorption onto hydrous iron and 

manganese oxides.

Anomalously high (>28 mg/kg) As concentrations are associated with 

parts of the Dalradian succession, notably over the outcrop of almost the entire 

Mullaghcarn Formation in the south Sperrin Mountains, which hosts two gold 

deposits. The outcrop of Lower Palaeozoic rocks in the Southern Uplands-Down-

Longford Terrane in Counties Down and Armagh shows two extensive zones of 

elevated As concentrations, neither of which are bound by the stratigraphy but 

are apparently related to metalliferous mineralisation processes.

Consistently very low As concentrations (<5 mg/kg) are associated with basalt 

lavas of the Palaeogene Antrim Lava Group in Counties Antrim and Londonderry, 

while low to intermediate values occur over the Newry Igneous Complex and over 

parts of the Lower Palaeozoic succession in Counties Down and Armagh. The 

Devonian and Carboniferous outcrop in Counties Fermanagh and Tyrone typically 

displays intermediate As concentrations with few features of interest.

diStribution over MetaSediMentary rockS
The psammitic Moinian Lough Derg Group in west Co. Fermanagh displays 

uniformly high As concentrations (28–50 mg/kg). These are thought to reflect 

enrichment in the stream environment through co-precipitation with, or sorption 

onto, hydrous iron and manganese oxides, in a boggy, low-pH area. Very high 

Fe and Mn concentrations are also present.

The Dalradian metasedimentary succession displays strikingly anomalous 

features in the regional distribution of As. In west Co. Tyrone, the Dalradian 

outcrop west of the Pettigoe Fault is characterised by consistently very high 

As concentrations (50–250 mg/kg) over Southern Highland Group rocks of the 

Mullyfa Formation, but notably lower values (10–20 mg/kg) over Argyll Group rocks 

of the Lough Mourne Grits. The coincidence of low pH conditions and very high Fe 

concentrations over the Mullyfa Formation suggests that strong enrichment of As 

may have occurred in the stream environment through sorption onto secondary 

iron oxides, and therefore the observed concentrations in stream sediments may 

not give a true impression of As concentrations in bedrock.

East of the Pettigoe Fault strong As enrichment occurs sporadically over the 

Argyll Group outcrop. An extensive zone of anomalies covering the outcrop of the 

Dungiven Formation stretches east from Killeter, through Baronscourt towards 

Newtownstewart. This is coincident with zones of elevated Zn, Cd, Pb, Ba and 

Sb, and indicates the mineral potential of this area. Within this zone, one or two 

individual high As values appear to reflect enrichment associated with secondary 

Fe oxides. North of the outcrop of Carboniferous rocks in the Newtownstewart 

Outlier, a zone of elevated As values crosscuts the outcrop of the Dungiven and 

Newtownstewart formations, north of Plumbridge. Whilst some single high values 

are associated with elevated iron concentrations, and thus may be secondary, 

others are accompanied by base metal enrichment, and may directly indicate 

the presence of mineralisation.

Within the outcrop of the Southern Highland Group in the Sperrin Mountains, 

the Mullaghcarn and Glengawna formations show consistently elevated As 

concentrations (typically 50–150 mg/kg). In the Lack Inlier, southwest of 

Omagh, As is associated with elevated gold concentrations over the outcrop 

of the same lithostratigraphical units. The extensive As anomalies over the 

Mullaghcarn and Glengawna formations suggest either widespread hydrothermal 

redistribution/enrichment in mineralising processes, and/or a background 

lithological enrichment of the element. In either case, these anomalies indicate 

the further mineral potential of the south Sperrin Mountains, where two gold 

deposits are currently under investigation or development.

Less extensive zones of anomalous As concentrations also occur over 

parts of the Glenelly and Claudy formations and are sometimes associated 

with elevated gold and/or Ba-Pb-Zn values. The Dalradian Inlier in northeast 

Co. Antrim also displays elevated As concentrations, particularly over the 

Southern Highland Group.

diStribution over SediMentary rockS
Baseline As concentrations over the Lower Paleozoic outcrop of the Southern 

Uplands-Down-Longford Terrane in Counties Down and Armagh are highly 

variable, with a series of anomalous zones apparently superimposed on a low 

As background (<10 mg/kg). The most extensive anomaly, in south Co. Armagh, 

stretches from the border with the Republic of Ireland, near Crossmaglen, 

northwards through Newtownhamilton to Mountsorrel. Concentrations commonly 

exceed 40 mg/kg and range up to 300 mg/kg. The anomaly covers part of the 

historic South Armagh-Monaghan Mining District but it is significant that elevated 

As values do not extend over the western part of this mining district, in the Keady 

area (compare Pb, Zn and Au). Thus, while it seems likely that the As anomalies 

in this area are related to metalliferous mineralisation processes, the specific 

distribution of As is apparently controlled by different factors from those of the 

main ore metals.

A second anomaly occurs over the outcrop of the Hawick Group, extending 

north and east from the northern margin of the Eastern Centre of the Palaeogene 

Mourne Mountains Complex to Newcastle and Castlewellan. Other metals 

show highly elevated concentrations here, indicating the likely presence of 

mineralisation.

Other sporadic As anomalies occur throughout the Lower Palaeozoic Terrane, 

notably south of Dromore, and in the vicinity of dyke swarms over the southern 

Ards Peninsula and in the Slieve Croob area.

As concentrations are poorly distinguished over the various lithostratigraphical 

units of the Devonian and Carboniferous sedimentary successions of Counties 

Tyrone, Fermanagh and Armagh. Locally higher values are recorded from the 

Devonian Gortfinbar Conglomerate Formation, notably around the margins of 

the Barrack Hill Andesite Member in south Co. Tyrone. Slightly lower baseline As 

concentrations (<5 mg/kg) are associated with some of the major Carboniferous 

limestone formations.

Characteristically low As concentrations (<10 mg/kg) persist over the main 

outcrop of Mesozoic and Cenozoic sedimentary rocks.

diStribution over iGneouS rockS
As concentrations are variable over the early Ordovician Tyrone Igneous Complex. 

Moderately high values (30–60 mg/kg) located near the northwest margin of the 

Tyrone Volcanic Group probably reflect dispersion of As-rich material from the 

adjacent Mullaghcarn Formation of the Dalradian Southern Highland Group, 

which is located north of the Omagh (Thrust) Fault.

An anomalous zone located over the Tyrone Volcanic Group, north of Creggan 

in Co. Tyrone, is associated with high iron and manganese oxide concentrations, 

indicating the potential for secondary enrichment of As in the stream environment. 

A similar origin is proposed for anomalous As concentrations (up to 157 mg/kg) 

that straddle the Tyrone Volcanic and Tyrone Plutonic groups in the Davagh Forest 

area, where coincident Fe oxide concentrations are in the range of 20–30%.

The late Caledonian Newry Igneous Complex is distinguished by low As 

concentrations in the granodiorite plutons. However, the most extensive area of 

low As concentrations is underlain by the basalt lava of the Palaeogene Antrim 

Lava group of the Antrim Plateau. Locally elevated values (20–87 mg/kg) in the 

Cullybackey-Rasharkin and Dungonnell Dam areas are almost certainly due to 

secondary enrichment with hydrous iron oxides in the stream environment, as 

indicated by the extremely high concentrations detected in these samples. In 

common with Se, As concentrations are unexpectedly high over the Palaeogene 

Mourne Mountains Complex, perhaps indicating the influence of late- or post-

magmatic fluids on the granite geochemistry.

anthropoGenic FactorS
There is little evidence of any substantial or widespread influence of anthropogenic 

activity on the As distribution in stream sediments, although minor, localised 

anomalies are recorded at a few sampling sites that were observed to be heavily 

contaminated.
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Barium (Ba)

Statistics

Samples 5868

Mean 526.00

Minimum 1.00

Median 452.00

Maximum 12496.00

Std Deviation 454.00

Range 12495.00

Minimum detectable value 1.00

Barium (Ba)

Stream Sediments

-150 μm Fraction

XRF-ED

General diStribution
Barium (Ba) concentrations range over four orders of magnitude. The distribution 

of Ba throughout Northern Ireland is strongly correlated with K2O and is controlled 

by variations in the chemistry of K-feldspar and mica (particularly in sedimentary 

rocks), the exception being in the Mourne Mountains Complex. The occurrence 

of baryte mineralisation, especially in the Dalradian metasediments of the Sperrin 

Mountains, is also a controlling factor. A number of regional patterns are observed, 

and lithologically controlled variations can also be identified. The highest regional 

Ba values (1000–5500 mg/kg) are typically associated with mineralisation within 

the Dalradian succession of Counties Tyrone, Londonderry and Antrim. Over the 

Lower Palaeozoic rocks of Counties Armagh and Down, Ba concentrations are 

moderate to high, ranging from 350–1000 mg/kg. The Devonian and Carboniferous 

successions in Counties Fermanagh, Tyrone and Down display lithologically 

controlled variation, with clear distinction between formations composed either 

of sandstone or of limestone. The lowest regional Ba concentrations occur over 

basalt lava of the Antrim Lava Group on the Antrim Plateau, and in the Mourne 

Mountains Complex, where Ba values are very low to low, rarely in excess of 

300 mg/kg. A number of single-point high-Ba anomalies are likely to result from 

anthropogenic activity and/or co-precipitation with secondary hydrous Mn and 

Fe-oxides.

diStribution over MetaSediMentary rockS
Over the outcrop of the Moinian and Dalradian successions, Ba concentrations are 

generally high to very high (800–5500 mg/kg), most likely reflecting the increased 

K-feldspar and mica content. This is particularly evident over the Moinian Lough 

Derg Group in the Lough Derg Inlier where high Ba concentrations reflect the 

enhanced feldspar and mica content of late-stage vein pegmatites.

Within the Dalradian outcrop, slightly lower values are displayed over the 

Ballykelly Formation of the Southern Highland Group, in Co. Londonderry. 

The majority of very high concentrations are associated with mineralisation, 

particularly near Newtownstewart, and Plumbridge, in Co. Tyrone. An extensive 

area of high to very high Ba anomalies over the Newtownstewart and Dungiven 

formations correlates with high concentrations of Zn and Pb, indicative of base 

metal mineralisation. High Ba concentrations over the Glenelly Formation, in 

the Sperrin Mountains, show little association with base metals but slightly 

enhanced As, and observed Au in heavy mineral concentrates at a number of 

locations, suggest that Au mineralisation seen in the psammite and semipelite 

of the adjacent Mullaghcarn Formation may be more extensive than previously 

considered. Anomalous concentrations of Ba in the Glenelly Formation define a 

northeast to southwest trending axis, extending into southwest Co. Londonderry, 

near Moneyneany. Elevated concentrations of Ba over the Mullaghcarn Formation 

are coincident with anomalously high concentrations of Au and As recorded in 

stream sediments from this area. A localised high Ba (5342 mg/kg) anomaly over 

a metabasite intrusion in the Dart Formation, approximately 3.5 km northeast of 

Plumbridge, correlates with enhanced As, Ag and Au.

diStribution over SediMentary rockS
Ba concentrations within the outcrop of Lower Palaeozoic rocks in the Southern 

Uplands-Down-Longford Terrane in Counties Armagh and Down display generally 

uniform distribution within individual tracts. Concentrations of 400–900 mg/kg 

within the Gala Group are moderately higher than those of 300–550 mg/kg within 

the Hawick Group. There is little association between the Ba distribution and 

Pb-Zn mineralisation in the former South Armagh-Monaghan Mining District, as 

Ba concentrations are not noticeably enhanced.

Elevated Ba concentrations (650–3184 mg/kg) from a small number of 

samples approximately 5 km southeast of Downpatrick occur in association 

with enhanced As, Sb, Mo, Ag, Se, Au and MnO (6.18%), and may reflect the 

local outcrop of the Moffat Shale Group. Concentration of Ba as a result of co-

precipitation with secondary hydrous Mn-oxides is also likely.

Some lithostratigraphical control can be seen within the Devonian and 

Carboniferous outcrop in Counties Fermanagh and Tyrone. The Devonian 

Shanmullagh and Gortfinbar Conglomerate Formations consist mainly of 

sandstone and yield the greatest Ba concentrations, typically ranging between 

600 and 4000 mg/kg, and include the highest recorded Ba value of 12496 mg/kg. 

High Ba over the Shanmullagh Formation is coincident with elevated K2O and 

is therefore likely to relate to the content of K-feldspar and mica. In contrast, 

the enhanced Ba concentrations over the Gortfinbar Conglomerate Formation 

show little affinity to K2O, nor any association with Pb-Zn mineralisation. Baryte 

recorded as cement and in veins associated with the Tempo-Sixmilecross Fault 

(Wilson, 1972) is almost certainly the source of Ba enrichment.

In Northern Ireland the Ba distribution over Carboniferous rocks is principally 

controlled by K2O and the relative content of K-feldspar. However, baryte is also 

recorded as cement in sandstones and in veins in Carboniferous rocks near 

Draperstown and in the Clogher Valley (Arthurs and Earls in Mitchell, 2004). The 

lowest concentrations observed within the Devonian and Carboniferous outcrop 

are over limestone formations of the Tyrone Group, most notably in south and 

west Co. Fermanagh.

diStribution over iGneouS rockS
Several discrete high-Ba features (up to 2844 mg/kg) over the central and western 

extent of the early Ordovician Tyrone Igneous Complex coincide with high MnO (up 

to 5.12%) and Fe2O3 (up to 23.83%), indicative of co-precipitation with secondary 

hydrous Mn and Fe-oxides. Typical Ba concentrations over the Complex are 

moderate and noticeably lower than those of the surrounding metasediments 

and sediments. Enrichment of Ba over the granite pluton of Slieve Gallion and 

rocks of the Tyrone Volcanic Group is indicative of the relatively high content of 

K-feldspar and mica, and is accompanied by high K2O.

Moderate Ba concentrations (280–460 mg/kg) over the Palaeogene Slieve 

Gullion Complex in south Co. Armagh are clearly distinguished from the more 

elevated concentrations of the surrounding late Caledonian Newry Igneous 

Complex. The latter Complex is indistinguishable from the Gala Group host rocks 

with the exception of a cluster of high Ba samples on the Ultramafic-Intermediate 

Complex at its northeast margin. Ba values in the range 1250–1500 mg/kg occur 

in association with general enhancement of metalliferous elements, and Fe2O3 

concentrations in excess of 10%. Observed pyrite in heavy mineral concentrates 

suggests that sulphide mineralisation may be the source of this anomaly.

The Palaeogene Mourne Mountains Complex is characterised by very low to 

low concentrations, typical of highly evolved granite (Plant et al., 1980).

Over the outcrop of basalt lava of the Antrim Lava Group on the Antrim 

Plateau, concentrations range from very low (<100 mg/kg) in the Castlerock-

Garvagh area, to moderate (250–400 mg/kg) in the Bann Valley, extending 

north from Lough Neagh through Coleraine to the coast. Fairly uniform low 

concentrations extend from the Bann Valley across Co. Antrim to the east coast. 

The slight enhancement of Ba in the Bann Valley is likely to be as a result of 

detrital K-feldspar and mica within the superficial deposits of glaciofluvial sand 

and gravel and of Recent alluvium.

Anomalously high Ba, with coincident high K2O and Ce concentrations, is 

recorded in a number of sites draining northwest from the Palaeogene Tardree 

Rhyolite Complex, approximately 7 km northeast of Antrim.

anthropoGenic FactorS
Anthropogenic activities appear to have little significant impact on the regional 

distribution of Ba. A single point high-Ba anomaly (1169 mg/kg) with associated 

high Cu, Pb, Zn and Sn (93 mg/kg) near Aldergrove in Co. Antrim is attributed to 

sample site contamination. A second single point high-Ba anomaly (4211 mg/kg) 

approximately 3 km southeast of Moira, in the Lagan Valley, is also the result of 

observed gross contamination.
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Boron (B)

Statistics

Samples 5839

Mean 29.03

Minimum 1.00

Median 26.00

Maximum 171.00

Std Deviation 21.04

Range 170.00

Minimum detectable value 3.00

Boron (B)

Stream Sediments

-150 μm Fraction

XRF-ED

General diStribution
Boron (B) concentrations in stream sediments range over three orders of 

magnitude with the median concentration 27 mg/kg and the interquartile range 

14–39 mg/kg. The regional distribution of B shows strong geological control, 

generally reflecting the presence of alkali feldspars and micas or carbonate. The 

highest concentrations occur over the Carboniferous succession in Counties 

Fermanagh and Tyrone. Limestones in particular yield very high values, typically 

ranging from 40–150 mg/kg. The highest value (171 mg/kg) recorded in stream 

sediments across Northern Ireland occurs over the early Carboniferous Meenymore 

Formation on the county boundary between Fermanagh and Tyrone, southeast of 

Fivemiletown. Enhanced B concentrations are also seen on the outcrop of Lower 

Palaeozoic rocks of Counties Armagh and Down. The lowest B values occur over 

basalt lava of the Palaeogene Antrim Lava Group on the Antrim Plateau, with 

background concentrations <10 mg/kg.

diStribution over MetaSediMentary rockS
Varying B concentrations occur over the outcrop of the Moinian and Dalradian 

successions with some degree of differentiation evident between lithostratigraphical 

units. Very low to low values (1–16 mg/kg) occur over the Moinian Lough Derg 

Group in the Lough Derg Inlier in west Co. Fermanagh and over the Dalradian 

Lough Mourne Grit, Aghyaran and Mullyfa formations, west of the Pettigoe 

Fault in west Co. Tyrone. This suggests a different provenance for the Moinian 

sedimentary protolith compared to that of the Dalradian rocks east of the Pettigoe 

Fault. Low to moderate concentrations (2–30 mg/kg) typify the Dart and Dungiven 

formations and the southern part of the outcrop of the Claudy Formation, with 

the lowest values forming small northeast to southwest, strike-parallel lineaments 

coincident with the metabasite intrusions. A cluster of high B values over the 

Claudy Formation, approximately 12 km northeast of Strabane, is coincident 

with high Rb (138 mg/kg), Ga (23 mg/kg) and Zr (812 mg/kg), consistent with 

accumulation in clay-rich samples.

Concentrations over the Ballykelly, Glenelly and Mullaghcarn formations are 

moderate to high (25–50 mg/kg).

A single-point high B anomaly occurs over psammite and semipelite of 

the Mullaghcarn Formation approximately 10 km west-southwest of Omagh, 

Co. Tyrone. Coincident high Au (54 μg/kg), As (102 mg/kg) and Sb (12 mg/kg) is 

indicative of a mineralised source.

B concentrations over Dalradian rocks in northeast Co. Antrim are typically 

moderate (17–33 mg/kg), with slightly enhanced values (up to 51 mg/kg) over 

the Glendun Formation.

diStribution over SediMentary rockS
B concentrations over the outcrop of Lower Palaeozoic rocks in Counties 

Armagh and Down are generally moderate to slightly enhanced, ranging from 

30–56 mg/kg, with no clear distinction between greywacke sandstone of the Gala 

or Hawick groups. However, some regional enhancement is seen in southwest 

Co. Armagh, in the vicinity of the former South Armagh-Monaghan Mining District, 

where associated base metal mineralisation and dispersion of mine waste material 

is likely to be responsible. B values are also enhanced along the east coast of 

Co. Down and around Strangford Lough, perhaps reflecting the proximity of the 

marine environment.

A cluster of samples over Hawick Group rocks yield high B occurs around 

Ardglass, on the southeast coast of Co. Down. Concentrations up to 89 mg/kg 

occurring in association with high K2O, Rb and Ga reflect clay-rich sediments; 

reinforced by the recording of clay in the drainage channels during sample 

collection. A process for B enrichment is unclear over Gala Group rocks northwest 

of Downpatrick, where a cluster of high to very high B values (45–129 mg/kg) are 

accompanied by high Mo (up to 10.6 mg/kg) and U (up to 5.5 mg/kg). Sorption on 

Fe-Mn oxides is unlikely as no relative enhancement of either Fe or Mn is reported. 

Lower B concentrations occur over the Hawick Group around the margins of the 

Palaeogene Mourne Mountains Complex. Dilution in the sediments by dispersal 

of B-depleted detritus from the granites may be responsible.

The diverse nature of lithologies forming the Devonian and Carboniferous 

successions of Counties Fermanagh, Tyrone and Londonderry is evident from the 

range of B concentrations encountered. Concentrations are generally highest in 

limestone formations such as the early Carboniferous Dartry Limestone Formation, 

in more argillaceous units such as the succeeding Meenymore Formation and in 

the Glenade Sandstone Formation, in Co. Fermanagh. The large outcrop of the 

Devonian Shanmullagh Formation is characterised by moderate to high B values, 

typically ranging from 35–100 mg/kg, whilst low to moderate B values typify the 

contemporaneous Gortfinbar Conglomerate Formation.

Between Belfast and Carrickfergus in southeast Co. Antrim, elevated B 

concentrations are associated with the late Cretaceous Ulster White Limestone 

Formation, with values ranging from 36–118 mg/kg. Some enhancement is evident 

over the Palaeogene (Oligocene) Lough Neagh Group, where B is concentrated 

in the predominantly clay sediments.

diStribution over iGneouS rockS
B concentrations over the early Ordovician Tyrone Volcanic Group are very low to 

low in the centre of the outcrop, with moderate values occurring around its margins 

possibly reflecting the presence of interbedded argillaceous sediments within the 

volcaniclastic succession. Interestingly, very low B concentrations recorded over 

the northern part of the outcrop of the Tyrone Plutonic Group are not repeated 

over the southern part of its outcrop, where extensive superficial deposits, in 

particular very thick fluvioglacial sand and gravel mask the bedrock.

Over the Slieve Gallion granite pluton, B concentrations are variable, 

ranging from 18–51 mg/kg, and are more likely to reflect the chemistry of the 

very thick overlying superficial deposits such as glacial till and fluvioglacial sand 

and gravel.

The granites of the Palaeogene Slieve Gullion Complex and Mourne 

Mountains Complex yield similarly low concentrations of B, with values of between 

8–20 mg/kg; typical of the whole-rock B content for granite.

B concentrations over the late Caledonian Newry Igneous Complex show little 

variation, with very few values outside the range of 15–27 mg/kg. On a regional 

scale, its lower background B concentrations make it clearly distinguishable from 

those of the host Lower Palaeozoic Gala Group rocks to the north and east.

Concentrations of B over basalt lava of the Palaeogene Antrim Lava Group 

of Counties Antrim and Londonderry are very low to low, with the lowest values, 

generally <10 mg/kg, along the western edge of the plateau in the Castlerock-

Garvagh area, and in the Glens of Antrim on the east coast. Moderate to slightly 

enhanced concentrations of K2O occurring in the Bann Valley most probably 

result from the presence of detrital feldspar and mica in the Recent alluvium and 

in deposits of fluvioglacial sand and gravel. Basalt lava of the Causeway Tholeiite 

Member on the north coast of Co. Antrim display low to moderate B values in the 

range 9–30 mg/kg and are indistinguishable from surrounding lava of the Lower 

Basalt and Upper Basalt formations.

anthropoGenic FactorS
B displays some affinity to Pb-Zn mineralisation and consequently is affected by 

the dispersal of mine-waste in areas of former base metal extraction. There are 

no other significant anthropogenic factors which influence the distribution of B.



116

See page 41 

for an account 

of how the 

geochemical 

images and 

statistical 

diagrams are 

generated and 

for sources of 

statistical data. 

See pages 42-43 

for a guide to the 

interpretation of 

the geochemical 

data.

A transparent 

overlay showing 

topographic 

features of the 

area may be 

found inside the 

back cover of 

this volume.



A guide to the Tellus data

117

Cadmium (Cd)

Statistics

Samples 5874

Mean 0.83

Minimum 0.25

Median 0.50

Maximum 56.40

Std Deviation 1.44

Range 56.15

Minimum detectable value 0.50

Cadmium (Cd)

Stream Sediments

-150 μm Fraction

XRF-ED

General diStribution
Approximately 80% of stream sediment samples contain Cadmium (Cd) at 

concentrations below the detection limit of 1 mg/kg. As a consequence, 

differentiation between major lithostratigraphical units is not possible. The 

distribution of anomalous Cd throughout the sampled area is closely related to 

that of Zn, with the highest occurrences typically associated with areas of known 

mineralisation and of historic base metal mining. This is evident in the vicinity of 

the historic South Armagh-Monaghan Mining District, in the Sperrin Mountains 

south of Claudy and southwest of Newtownstewart in Co. Tyrone.

diStribution over MetaSediMentary rockS
A small number of Cd anomalies are located over the outcrop of the Dalradian 

rocks in Counties Londonderry and Tyrone. Cd values ranging from 3–13 mg/kg 

are reported from a cluster of sites over psammite of the Newtownstewart 

Formation, approximately 5 km southwest of Newtownstewart, where coincident 

high values of Zn, Ba, Pb and As are also reported. Baryte, malachite and sphalerite 

mineralisation is recorded at nearby Cashty (Legg, 1985). To the south of Claudy, 

on the boundary between Co. Tyrone and Co. Londonderry, anomalously high Cd 

values occur over the Dungiven Formation. This anomaly follows a strike-parallel 

orientation of psammite and semipelite within the formation and is coincident with 

a more widespread Zn anomaly in the same area.

A scattering of elevated Cd concentrations over the remaining parts of the 

Dalradian outcrop are concurrent with enhanced Zn, and suggest base metal 

mineralisation as the likely source.

diStribution over SediMentary rockS
The largest Cd anomaly recorded occurs in the historic South Armagh-Monaghan 

Mining District, over the outcrop of Lower Palaeozoic Gala Group rocks in the 

Southern Uplands-Down-Longford Terrane. Cd values range from below the 

lower limit of detection up to 56.4 mg/kg, the maximum value reported within the 

dataset. The high concentrations of Cd reflect the extent of base metal mining 

and subsequent dispersal of waste mine material in this area.

A number of small-scale, high-Cd anomalies occur over Gala Group rocks 

in south Co. Down, approximately 6 km south-southeast of Banbridge. These 

anomalies lie along northeast-southwest trending tract-bounding faults within 

the outcrop of the Gala Group, and accompanying elevated concentrations of 

Zn, Mo, and U suggest a potential black-shale style of enrichment and reflect 

the presence of the Moffat Shale Group along these faults. Slightly elevated 

concentrations of Cd are present between Bangor and Newtownards, in north 

Co. Down, where mineralisation and anthropogenic factors associated with the 

Conlig-Whitespots mines are the most likely source.

High-Cd anomalies appear in the outcrop of the Hawick Group at the margins 

of the Mourne Mountains Complex, in south Co. Down, where Cd (and associated 

Zn) enrichment is considered to be a result of vein-hosted mineralisation related 

to Palaeogene magmatic activity.

Cd is slightly enhanced over Carboniferous limestone in southwest 

Co. Fermanagh, in particular the Ballyshannon Limestone Formation, with 

concentrations in the range 2–3 mg/kg. Over large parts of Counties Fermanagh 

and Tyrone, Cd concentrations are predominantly below the detection limit. 

Mesozoic and Cenozoic lithologies display no features of significance.

diStribution over iGneouS rockS
A single-point enhanced Cd anomaly occurs over extrusive igneous rocks of the 

early Ordovician Tyrone Volcanic Group, approximately 7 km north-northeast 

of Creggan, where Cd of 3 mg/kg with coincident Au of 114 μg/kg is reported. 

Three discrete, low-level anomalies form a northeast-southwest trending lineation 

over the Tyrone Plutonic Group and extend to the northeast to include a fourth 

anomaly over the Slieve Gallion granite pluton.

Cd concentrations over the Palaeogene Mourne Mountains Complex in 

south Co. Down, over the Slieve Gullion Complex in south Co. Armagh and the 

late Caledonian Newry Igneous Complex are generally <1 mg/kg. Enhanced Cd 

occurrences, associated with an enrichment of other elements with granitoid 

mineralisation affinities such as Mo, occur at the margins of all of these granitoid 

bodies. This is illustrated by a narrow north-south zone of enhanced Cd with 

coincident high Mo (up to 7 mg/kg) along the contact between the G3 and 

G4 components in the Western Mournes Centre of the Mourne Mountains 

Complex.

The outcrop of basalt lava of the Palaeogene Antrim Lava Group is typified by 

the absence of detectable Cd over most of the Antrim Plateau. The only feature 

of note is a cluster of moderate to high (2.4–12.1 mg/kg) Cd occurrences over the 

Upper Basalt Formation near Dungonnell Dam, approximately 17 km northeast of 

Ballymena. Elevated concentrations of Zn, Pb, As, Se, MnO and Fe2O3 are also 

observed. Very strong correlation with high concentrations of MnO and Fe2O3, 

and organic-rich, peaty soils indicate that co-precipitation with secondary Mn and 

Fe-oxides is the likely source of Cd enrichment in this area. Similar processes are 

considered to be the cause of elevated Cd concentrations between the Carnlough 

and Ballytober faults in east Co. Antrim.

anthropoGenic FactorS
The major anthropogenic sources of Cd are from dispersion of mineralised mine 

waste and from the direct contamination of stream sediment by metallic detritus. 

A single point anomaly on the north coast of Co. Antrim, between Bushmills and 

Ballycastle, shows enhancement in virtually all metallic elements, including Sn, 

and is most likely the result of contamination.
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Calcium Oxide (CaO)

Statistics

Samples 5874

Mean 2.91

Minimum 0.34

Median 1.87

Maximum 38.43

Std Deviation 2.91

Range 38.09

Minimum detectable value 0.05

Calcium Oxide (CaO)

Stream Sediments

-150 μm Fraction

XRF-WD

General diStribution
Calcium Oxide (CaO) concentrations vary between <0.5% and 38.4%, with the 

median value 1.9% and the interquartile range 1.2–3.85%. CaO concentrations in 

stream sediments strongly reflect the composition of underlying bedrock, with only 

limited evidence of anthropogenic influence on their distribution. The highest CaO 

values are associated with calcareous lithologies in the southwest of Northern 

Ireland. Uniformly moderate to high concentrations occur over basalt lava of 

the Palaeogene Antrim Lava Group on the Antrim Plateau. Most of the Lower 

Palaeozoic outcrop in Counties Armagh and Down and the Dalradian outcrop in 

Counties Tyrone and Londonderry display low to moderate concentrations. The 

most extensive low-calcium area, where CaO values are consistently below 1%, is 

the upland terrain of the Sperrin Mountains, underlain by base-deficient Dalradian 

metasedimentary rocks of the Mullaghcarn, Glengawna and Glenelly formations. 

Locally elevated CaO concentrations throughout the low-calcium domains may 

reflect anthropogenic activity, particularly the practice of soil improvement through 

lime addition to agricultural land.

diStribution over MetaSediMentary rockS
CaO concentrations over the Dalradian successions of Counties Tyrone 

and Londonderry are generally low to moderate (<2.5%). Exceptionally low 

concentrations (<1%) are present over the outcrop of the Mullaghcarn, Glengawna 

and Glenelly formations of the Southern Highland Group that forms the main 

ridge of the Sperrin Mountains, where the cover of superficial deposits is thin 

and soil development poor. Slightly higher baseline concentrations (typically 

1–1.9%) occur over the Dalradian rocks of west Co. Tyrone, in the north part of 

the Sperrin Mountains in Co. Londonderry, and in northeast Co. Antrim. Zones 

of baseline enrichment (2–5%) around Castlederg and Dunnamanagh reflect 

the more common occurrence of metabasite intrusions and metalimestones in 

these areas.

diStribution over SediMentary rockS
The outcrop of Lower Palaeozoic rocks in the Southern Uplands-Down-Longford 

Terrane in Counties Armagh and Down typically displays low to moderate CaO 

concentrations (<2%). The notable exception is the presence of five very high 

values clustered to the south and east of Downpatrick, ranging from 7–21%. 

The chemistry of these samples displays characteristics of limestone (see other 

elements, especially high Sr and low Fe values) but are not readily explained 

on the basis of the known geology. It is possible that these anomalies are the 

result of soil improvement by the direct addition of crushed limestone, but the 

absence of elevated CaO values in the topsoil of this area should be noted. CaO 

concentrations over Devonian sedimentary rocks in the Fintona Block are typically 

low (<1.5%) and indistinguishable from those over the Dalradian outcrop to the 

north of the Omagh (Thrust) Fault, although other elements of basic and ultrabasic 

affinity, for example Cr and Mg are relatively enriched.

The diverse lithological characteristics of the Carboniferous successions in 

Northern Ireland are reflected in variable CaO concentrations. Basal Carboniferous 

sandstone and conglomerate, such as the Omagh Sandstone Group in the 

Plumbridge area and the Ballyness Formation in south Co. Tyrone, give rise to low 

CaO values in stream sediments (<1.5%). The highest CaO concentrations detected 

over the Carboniferous outcrop are associated with the evaporitic lithologies of 

the Clogher Valley Formation and limestone units such as the Ballyshannon 

Limestone Formation and Maydown Limestone Formation. Extensive areas of 

CaO enrichment (5–25%) occur over much of south and west Co. Fermanagh, 

Co. Tyrone and north Co. Armagh, where limestone forms the bedrock.

Mesozoic and Cenozoic lithologies are poorly distinguished by CaO 

concentrations, although clearly elevated CaO concentrations do occur in proximity 

to the extensive chalk outcrop northwest of Larne, in southeast Co. Antrim. The 

extensive area of sedimentary rocks of the Palaeogene (Oligocene) Lough Neagh 

Group, southwest of Lough Neagh, is characterised by low CaO concentrations 

in stream sediments.

diStribution over iGneouS rockS
Low to moderate CaO concentrations (mostly in the range 1.5–5%) typify the 

early Ordovician Tyrone Igneous Complex and may reflect the influence of 

thick superficial deposits of glaciofluvial sand and gravel masking the varied 

bedrock.

Stream sediments over the outcrop of the late Caledonian Newry Igneous 

Complex are characterised by moderate CaO concentrations (1.5–5%). Evolved 

granites of the adjacent Palaeogene Mourne Mountains Complex display 

exceptionally low CaO concentrations (<1%).

The extensive area underlain by basalt lava of the Palaeogene Antrim Lava 

Group is characterised by moderate to high CaO concentrations, typically in the 

range 2–6%. Consistently higher values (5–7%) occur towards the northwest 

edge of the outcrop of the Upper Basalt Formation, south of Castlerock, in 

Co. Londonderry and in east Co. Antrim, over the outcrop of both the Lower Basalt 

and Upper Basalt formations. These two zones of elevated values correspond 

broadly to areas of thin superficial deposits

anthropoGenic FactorS
Isolated high CaO values occur sporadically across Northern Ireland and, where 

these occur in areas of typically low CaO concentrations, may reflect the addition 

of agricultural lime.
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Chromium (Cr)

Statistics

Samples 5874

Mean 217.20

Minimum 4.50

Median 144.20

Maximum 1926.40

Std Deviation 206.90

Range 1921.90

Minimum detectable value 3.00

Chromium (Cr)

Stream Sediments

-150 μm Fraction

XRF-WD

General diStribution
Chromium (Cr) concentrations in stream sediments range over three orders of 

magnitude. The median concentration is 144 mg/kg and the interquartile range 

94–267 mg/kg. The Cr map displays strong regional patterns that are geologically 

controlled. High Cr concentrations (>270 mg/kg) are associated with the extensive 

outcrop of Palaeogene basalt lava of the Antrim Lava Group on the Antrim Plateau 

in the northeast of Northern Ireland. Extremely high concentrations (>900 mg/kg) 

are associated with the western part of the outcrop of the Upper Basalt Formation 

in Co. Londonderry and with the Lower Basalt Formation in east Co. Antrim. 

Intermediate Cr values are present over the outcrop of the Lower Palaeozoic 

sedimentary rocks of the Southern Uplands-Down-Longford Terrane and over 

the Devonian outcrop in Counties Tyrone and Fermanagh. Low concentrations 

(<73 mg/kg) characterise the outcrop of Dalradian metasedimentary rocks of 

the Sperrin Mountains and in west Co. Tyrone, the Carboniferous succession of 

southwest Co. Fermanagh and the granites of the Mourne Mountains Complex. 

There is little evidence of significant anthropogenic control on the Cr distribution 

in Northern Ireland.

diStribution over MetaSediMentary rockS
Generally low Cr values in stream sediments are associated with most of the 

Moinian and Dalradian rocks in Northern Ireland. Very low concentrations 

(<62 mg/kg) characterise the outcrop of the Moinian Lough Derg Group in the 

Lough Derg Inlier, northeast of Belleek, and of the Argyll Group Lough Mourne 

Grits of the Dalradian succession in west Co. Tyrone.

The generally low Cr background concentrations (<74 mg/kg) over the 

Argyll Group rocks of the Newtownstewart and Dungiven Formations, and the 

Dart Formation of the Southern Highland Group in the Sperrin Mountains, are 

punctuated by higher Cr concentrations (up to 380 mg/kg) associated with 

metabasite intrusions and volcanogenic green beds within the succession. 

Baseline Cr concentrations are notably higher (50–175 mg/kg) over the Dart 

Formation of the south Sperrin Mountains than over the Claudy Formation 

(<62 mg/kg), the probable contemporaneous equivalent in the northern part 

of the Sperrin Mountains. Low to intermediate Cr concentrations (typically 74–

144 mg/kg) are present over formations representing higher levels in the Southern 

Highland Group succession both in the northern and central-southern portions 

of the Sperrin Mountains.

There is little distinction between Cr values over the different lithostratigraphical 

units of the Dalradian Inlier in northeast Co. Antrim, with concentrations ranging 

from 75 to 175 mg/kg.

diStribution over SediMentary rockS
Cr concentrations are typically in the range 75–175 mg/kg over the Lower 

Palaeozoic sedimentary rocks of the Southern Uplands-Down-Longford Terrane. 

Higher Cr concentrations (up to 350 mg/kg), which occur over the Northern Belt 

(Leadhills Supergroup) and the northernmost tracts of the Gala Group, continue 

to the southwest along the entire outcrop. This suggests a diminishing influence 

of mafic-ultramafic detritus in the sediment source areas of the younger tracts 

to the south.

The Devonian clastic sedimentary rocks of Counties Tyrone and Fermanagh 

display well resolved Cr signatures on the basis of the stream sediment data. 

The Shanmullagh Formation, north of the Tempo-Sixmilecross Fault, gives rise 

to generally moderate Cr concentrations (85–144 mg/kg) and is accompanied 

by moderate to high Ni and MgO values. The outcrop of the Shanmaghery 

Sandstone and Gortfinbar Conglomerate formations, located south of the Tempo-

Sixmilecross Fault, displays higher Cr concentrations (200–375 mg/kg) but lower 

Ni and Mg values, indicative of variations in the nature of the sediment source 

of these rocks.

Low to moderate Cr concentrations predominate over the Carboniferous 

rocks of Counties Londonderry, Fermanagh, Tyrone and Armagh. Uniformly 

low concentrations (<84 mg/kg) are present over the Omagh Sandstone Group 

in Co. Tyrone and over most lithologies of the Tyrone and Leitrim groups south 

of Lower Lough Erne with the lowest values (<50 mg/kg) associated with the 

Ballyshannon Limestone Formation and the Glenade Sandstone Formation. 

Higher baseline concentrations are evident over the Tyrone and Leitrim group 

in the Lisnaskea area with concentrations typically 125–175 mg/kg over the 

Meenymore Formation. Carboniferous rocks in the Fintona Block yield higher 

concentrations in stream sediments (up to 250 mg/kg), particularly the Topped 

Mountain Sandstone Formation. It is likely that higher concentrations within the 

regional Carboniferous outcrop are associated with clay-rich lithologies, or with 

units containing a higher proportion of mafic sedimentary detritus.

Elevated Cr concentrations (in the region of 500 mg/kg) in stream sediments 

collected over the eastern part of the outcrop of the Roe Valley Group in 

Co. Londonderry are likely to reflect dispersion of Cr-rich basaltic material from 

the Antrim Plateau.

There are no features of note in the Cr distribution over Mesozoic rocks, 

with concentrations typically mid-range. Low to intermediate concentrations 

(<175 mg/kg) are present over the Palaeogene (Oligocene) Lough Neagh Group 

around the southern edge of Lough Neagh.

diStribution over iGneouS rockS
The Cr signature of rocks forming the early Ordovician Tyrone Igneous Complex 

are poorly resolved by the stream sediment data, with low to intermediate 

concentrations (63–267 mg/kg) persisting over lavas of the Tyrone Volcanic 

Group and various minor igneous intrusions. Only the outcrop of the Slieve 

Gallion granite pluton is readily distinguished by its lower concentrations of Cr in 

stream sediments (<84 mg/kg). The outcrop of basic rocks of the Tyrone Plutonic 

Complex located south of the Moinian Central Inlier displays consistently slightly 

higher Cr values (135–250 mg/kg).

The three main granodiorite plutons of the late Caledonian Newry Igneous 

Complex are characterised by mid-range Cr concentrations in stream sediments 

(100–170 mg/kg) and as such are largely indistinguishable from the host Lower 

Palaeozoic sedimentary rocks. The Ultramafic-Intermediate component at the 

northeast end of the Complex displays consistently higher values in the region 

of 250 mg/kg.

The sensitivity of Cr to magmatic fractionation processes and the consequently 

strong influence that this has on the regional stream sediment distribution is clearly 

exemplified by the Palaeogene igneous rocks of Northern Ireland.

Elevated Cr concentrations (>200 mg/kg) are typical of the outcrop of the 

Antrim Lava Group on the Antrim Plateau, reflecting the presence of Cr-spinel. 

However, the highest Cr concentrations (600–1500) mg/kg occur over the western 

part of the outcrop of the Upper Basalt Formation in Co. Londonderry and over 

the outcrop of both formations in southeast Co. Antrim, but more consistently 

over the Lower Basalt Formation.

Notably lower Cr concentrations (200–450 mg/kg) occur over the central 

part of the Antrim Plateau, probably reflecting the effect of masking by thick 

superficial deposits such as glacial till in the Bann Valley and adjacent areas, 

rather than reflecting primary litho-geochemical characteristics of the basalt 

bedrock. Consistently high concentrations of Cr (and also of Ni, MgO and Pt) over 

the westernmost part of the outcrop of the Upper Basalt Formation, northwest 

of the Tow Valley Fault, support the conclusions of Lyle (1988) that these lavas 

were derived from a relatively undepleted mantle source. High Cr values are also 

evident over the northwestern extent of the Lower Basalt Formation, south of the 

Tow Valley Fault, south of Garvagh.

In contrast to the basalt lava, granite of the Mourne Mountains Complex 

yield exceptionally low Cr concentrations in stream sediments (5–20 mg/kg), 

emphasising the Cr-poor nature of these strongly fractionated rocks.

anthropoGenic FactorS
There is no evidence of a significant influence of anthropogenic contamination 

on the distribution of Cr in stream sediments.
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Copper (Cu)

Statistics

Samples 5874

Mean 41.50

Minimum <1.30

Median 33.00

Maximum 350.40

Std Deviation 27.20

Range 350.40

Minimum detectable value 1.30

Copper (Cu)

Stream Sediments

-150 μm Fraction

XRF-WD

General diStribution
Copper (Cu) concentrations in stream sediments range over three orders of 

magnitude, with a median of 33 mg/kg and an interquartile range of 21–59 mg/kg. 

Some degree of lithological control can be seen in the distribution of Cu across 

Northern Ireland.

Very low to moderate (5–40 mg/kg) Cu concentrations are characteristic of the 

outcrop of Moinian and Dalradian metasedimentary rocks and of Carboniferous 

and Devonian sediments over large areas of Counties Fermanagh, Tyrone and 

west Co. Londonderry.

The outcrop of Lower Palaeozoic rocks in Counties Down and Armagh 

typically yield moderate Cu values in the range 25–75 mg/kg. The outcrop of 

basalt lava of the Palaeogene Antrim Lava Group on the Antrim Plateau contains 

the highest Cu concentrations seen in Northern Ireland, with values ranging 

from 50–146 mg/kg. Cu concentrations in granites of the Palaeogene Mourne 

Mountains Complex are conspicuously low to very low.

Many of the localised high Cu anomalies present throughout the sampled 

area can be attributed to mineralisation or to anthropogenic factors, such as site 

contamination observed during sample collection (including the highest Cu value 

reported, near the international airport at Aldergrove).

diStribution over MetaSediMentary rockS
Over the outcrop of the Moinian and Dalradian successions, Cu concentrations 

are generally low to moderate (10–40 mg/kg), with little differentiation between 

lithostratigraphical units being possible.

Three, discrete, high-Cu anomalies occur within the Dart Formation in the 

central Sperrin Mountains, close to the county boundary between Tyrone and 

Londonderry. These anomalies adopt a northeast to southwest orientation, 

following the strike of volcanogenic green beds and metabasite intrusions of 

Pre-Cambrian age which occur in the vicinity. Associated elevated concentrations 

of Ba (up to 1297 mg/kg) and Fe2O3 (10–13%) are present. Recorded observations 

of sulphide and Au mineralisation at a number of these high-Cu locations, and the 

close proximity of numerous Palaeogene basic dykes suggest that mineralisation 

is the likely source of the Cu enrichment.

diStribution over SediMentary rockS
The Lower Palaeozoic outcrop of the Southern Uplands-Down-Longford Terrane 

in Counties Down and Armagh typically displays uniform Cu concentrations in 

the range 30–60 mg/kg. Some small scale high-Cu anomalies occur, mostly 

underlain by greywacke sandstone of the Gala Group. In almost every case, these 

anomalies are aligned along northeast trending tract-bounding faults. Coincident 

elevated concentrations of Mo, U, Sb and Au indicate enrichment within a black-

shale type environment, and probably reflect the presence of Moffat Shale Group 

lithologies along the faults. Slightly elevated concentrations of Zn and Pb are 

also present at a number of locations where sulphide minerals were observed, 

suggesting that Cu, as malachite and/or chalcopyrite, is fairly ubiquitous, albeit 

in small amounts, in the Pb-Zn lodes.

In northeast Co. Down, high concentrations of Cu are seen at two sites 

located on the outskirts of Bangor and Newtownards, associated with high Pb, 

Zn, As, Sb and Au. A combination of a mineralised source and anthropogenic 

factors such as the dispersion of mine waste from the nearby former base metal 

mine workings at Conlig-Whitespots are most likely to be the cause.

Within the Devonian and Carboniferous outcrop in Counties Fermanagh and 

Tyrone, it is possible to distinguish between lithostratigraphical units. Both the 

early Carboniferous Owenkillew Sandstone Group and Mullaghmore Sandstone 

Formation yield very low to low Cu. The Devonian Shanmullagh Formation and 

adjacent early Carboniferous Ballinamallard Mudstone Formation to the south 

display moderate values of between 30–50 mg/kg Cu. Concentrations over 

Carboniferous rocks of west Co. Fermanagh are generally low.

The only significant high-Cu feature over the Devonian and Carboniferous 

outcrop is a single point anomaly within the Shanmullagh Formation, (Cu 

125 mg/kg, Au 39 μg/kg and As 11 mg/kg) near Camowen, approximately 4 km 

southeast of Omagh.

A single point anomaly of 94 mg/kg Cu over the Mullaghmore Sandstone 

Formation near Springfield, approximately 7 km west-northwest of Enniskillen, 

occurs in association with enhanced Zn, As, Se, Mo and U, which is suggestive 

of a possible black-shale type enrichment within the subordinate interbedded 

argillaceous rocks.

diStribution over iGneouS rockS
Slightly elevated Cu concentrations, associated with elevated Au, As and Mo, 

occur over tonalite and rhyolite of the early Ordovician Tyrone Igneous Complex, 

close to Cashel Rock, where a number of mineral trials and boreholes confirming 

disseminated chalcopyrite and other mineralisation are well documented 

(Legg, 1985).

A small scale high-Cu anomaly is present over the Slieve Gullion Complex in 

south Co. Armagh. No association with other base metals is observed in this area, 

and high Fe values indicate that Cu concentrations may have been enhanced 

through co-precipitation with secondary hydrous Fe-oxides.

Concentrations of Cu over the late Caledonian Newry Igneous Complex 

are typically moderate, with no differentiation between those of the host Lower 

Palaeozoic Gala and Hawick Group sediments. A single point anomaly of 

86.3 mg/kg Cu with accompanying elevated Pb, Zn, Se, Mo, Cd, Sn, U and 

Au is present approximately 1.5 km southeast of Newry. The site location and 

presence of Cd and Sn suggest that contamination rather than mineralisation 

is the source of Cu.

Palaeogene granite of the Mourne Mountains Complex consistently shows 

very low to low Cu, with values rarely exceeding 20 mg/kg.

The highest regional concentrations of Cu occur over basalt lava of the 

Palaeogene Antrim Lava group on the Antrim Plateau, where background 

concentrations are in excess of the mean value of 41.5 mg/kg. A cluster of high-

Cu sites is present approximately 4 km to the east and northeast of Clogh Mills 

in central Co. Antrim. There is little correlation with Pb or Zn and no significant 

enhancement of other trace elements in this area, but Fe concentrations >11% are 

reported. The existence of very small amounts of native Cu within amygdales in the 

basalt lava has been recorded, but the probable source of this Cu enhancement 

is high Fe and peaty terrain, resulting in the co-precipitation of Cu with secondary 

Fe-oxides.

Where high Fe concentrations and peaty ground are present, the process of 

co-precipitation is likely to be responsible for the majority of anomalously high Cu 

occurrences across the basalt lavas. Numerous single-point high-Cu anomalies 

occur, particularly close to areas of urban development, where coincident high 

Sn concentrations are indicative of an anthropogenic source. For example, close 

to Castlerock, high Cu (142.7 mg/kg) is present with 60.6 mg/kg Sn, from a site 

wherev observed metallic contamination is reported.

anthropoGenic FactorS
Cu is a common constituent of many manufactured metals, and is used extensively 

in construction. Contamination of stream sediments through discarded metallic 

detritus and anthropogenic activity such as the dispersion of waste from historic 

mining sites is widespread.

A number of high Cu occurrences throughout the sampled area may be 

attributed to anthropogenic activity, contamination, or a combination of both. 

The highest Cu value reported (350.4 mg/kg) occurs near Aldergrove, to the 

east of Lough Neagh, where various forms of contamination observed at the 

time of sample collection, and the coincidence of high Sn (93 mg/kg), point to 

a contaminant source. A similar argument can be made for two single-point 

anomalies near Lough Neagh, north of Lurgan, and northwest of Craigavon.
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Gold (Au)

Stream Sediments

-150 μm Fraction

XRF-WD

Gold (Au)

Statistics

Samples 5689

Mean 10.29

Minimum 0.50

Median 1.00

Maximum 3485.00

Standard Deviation 103.659

Range 3484.50

Minimum detectable value 1.00

General diStribution
These data for Gold (Au) in stream sediments provide interesting new information 

on the concentrations of this rare and precious metal in diverse geological 

environments. Due to the low natural abundance of Au, 75% of the samples show 

values lower than the practical detection limit (3 μg/kg) and the overall distribution 

has a somewhat noisy appearance due to the presence of many single-point 

anomalies, reflecting the propensity for extensive physical dispersion of discrete 

grains of Au in the surface environment.

The most striking feature of the Au distribution is an extensive zone of highly 

anomalous Au concentrations (5 μg/kg–3.5 mg/kg) that occurs over the outcrop of 

Dalradian rocks of the Mullaghcarn and Glengawna formations in the south Sperrin 

Mountains. Two Au deposits lie within the Mullaghcarn Formation. Numerous 

other, less extensive, anomalies occur over the wider Dalradian outcrop and 

adjacent early Ordovician Tyrone Igneous Complex. Widespread elevation of 

baseline Au concentrations is also evident over the Lower Palaeozoic outcrop in 

the Southern Uplands-Down-Longford Terrane, with discrete anomalous zones 

over the historic base metal mining district around Keady in south Co. Armagh, in 

north Co. Down, and around the southern margin of the Eastern Mournes Centre 

of the Palaeogene Mourne Mountains Complex.

Numerous elevated Au concentrations (3–20 μg/kg) occur over Palaeogene 

basalt lava of the Antrim Lava group in Counties Antrim and Londonderry. The 

Devonian and Carboniferous outcrop in Counties Fermanagh, Tyrone and Armagh 

yield very few detectable Au values, except where adjacent to relatively Au-rich 

Dalradian lithologies.

The data indicate that Au distribution is affected by urbanisation and 

anthropogenic contamination, with elevated values evident around major urban 

centres, including Belfast, Cookstown and Newry.

diStribution over MetaSediMentary rockS
Au concentrations are below detection (<3 μg/kg) over the outcrop of most Moinian 

and Dalradian metasedimentary rocks. However, the most significant anomalous 

zones detected occur over Southern Highland Group lithologies in the south Sperrin 

Mountains and the Lack Inlier. Concentrations are significantly elevated over almost 

the entire outcrop of the Mullaghcarn and Glengawna formations southwest of 

Glenlark Forest, indicating the likely extensive presence of Au mineralization. Three 

clusters of exceptionally high values occur, firstly, in the vicinity of the Curraghinalt 

Au mine development where concentrations range up to 3.5 mg/kg, secondly, 

directly northeast of Omagh in the Rylagh-Glencordial area and thirdly, over 

the Lack Inlier, where concentrations up to 1 mg/kg occur in the vicinity of the 

Cavanacaw Au deposit.

Elsewhere, sporadic, single-point Au anomalies occur over the Dalradian 

outcrop in the central and north Sperrin Mountains and in northeast Co. Antrim. 

Most of these anomalies are thought to reflect discrete grains that have been 

transported some distance from source by glacial or glaciofluvial processes, but 

some, where accompanied by other metalliferous element anomalies, may be 

indicative of more localised mineralisation, for example at Glendun, in northeast 

Co. Antrim.

diStribution over SediMentary rockS
The Lower Palaeozoic outcrop in the Southern Uplands-Down-Longford Terrane 

of Counties Down and Armagh yield higher baseline concentrations than any other 

major lithostratigraphical unit in Northern Ireland. Although concentrations are 

highly variable (<0.5 μg/kg–1.5 mg/kg), approximately 35% of samples contain 

Au concentrations >3 μg/kg. However, there is no apparent lithostratigraphical 

control over Au concentrations within the Terrane, and isolated anomalies 

occur throughout. Several broad zones of elevated concentrations transect the 

stratigraphy and show a spatial association with Sb, Zn and Pb anomalies.

A clear zone of anomalous Au values that is bisected by the trace of the 

Orlock Bridge Fault occurs over the outcrop of the Ordovician Gilnahirk Group 

and the Ordovician-Silurian Gala Group around the South Armagh-Monaghan 

Mining District in south Co. Armagh. A maximum concentration of 1.5 mg/kg 

was recorded, which probably indicates a local bedrock source. High Pb and 

Zn values are also present in many samples from this former base metal mining 

area. A broad band of elevated Au values extends south from Belfast to Dundrum 

Bay in southeast Co. Down, with values commonly in the range 3–10 μg/kg. 

Their association with high background values of Sb and Pb over a wide area 

may reflect a widespread low-level metal-enrichment process. A further zone of 

more strongly elevated Au values occurs in north Co. Down in the Newtownards-

Bangor-Donaghadee area, and in common with the south Armagh anomaly, 

coincides with the outcrop of the Gilnahirk and Gala groups, once again bisected 

by the Orlock Bridge Fault. Concentrations here range between 5 and 50 μg/kg 

and are accompanied by high Pb, Sb and Zn values. A number of factors may 

have influenced the metal chemistry of stream sediments in this area, including 

dispersion of spoil from the former Whitespots-Conlig lead mines, possible 

bedrock mineralisation and anthropogenic contamination.

A cluster of three, highly anomalous, Au concentrations (100–158 μg/kg) 

are present over the outcrop of Hawick Group rocks on the south side of the 

Eastern Mournes Centre of the Palaeogene Mourne Mountains Complex. These 

values may reflect dispersion of Au from the granite bedrock of the Mourne 

Mountains.

The Devonian and Carboniferous outcrop in Counties Fermanagh and Tyrone 

characteristically yields only isolated, sporadic Au anomalies which are considered 

to reflect the presence of discrete grains of Au that have been transported by 

glacial or fluvio-glacial processes from mineralised areas, notably the south 

Sperrin Mountains. The frequency of occurrence of Au anomalies decreases 

with distance from known areas of Au mineralisation in the Dalradian rocks of 

the Sperrin Mountains.

The Mesozoic and Cenozoic sedimentary rocks display few noteworthy 

features; concentrations are highly variable and some anomalies, such as around 

Cookstown and in the Lagan Valley, may reflect sample site contamination.

diStribution over iGneouS rockS
Au concentrations over the early Ordovician Tyrone Igneous Complex are variable 

and bear little apparent relationship to bedrock geology. Anomalous concentrations 

are more common towards the contemporaneous lavas on the north side of the 

Complex in the Tyrone Volcanic Group, but also occur, locally, over the Moinian 

outcrop in the Central Inlier and over the Tyrone Plutonic Group. It is likely that 

these elevated values reflect physical dispersion of Au from mineralised areas 

in the Dalradian rocks to the north of, and separated from, the complex by the 

Omagh Thrust Fault. Low Au concentrations (generally <3 μg/kg) predominate 

over granodiorites of the late Caledonian Newry Igneous Complex.

Basalt lava of the Palaeogene Antrim Lava Group on the Antrim Plateau 

display concentrations typically below detection (<3 μg/kg), but sporadic elevated 

baseline values (5–25 μg/kg) are present throughout, and occur most commonly 

over the Lower Basalt Formation, northwest of Ballymena, and in the till-covered 

central part of the plateau. A few sporadically distributed single-sample anomalies 

of greater magnitude are also present, for example, 240 mg/kg directly south of 

Slemish. The distribution of elevated Au values across the Antrim Plateau and 

consideration of the direction of ice movement during the Last Glacial Maximum 

suggest that the Au is locally derived from the lavas. These data are similar to 

whole-rock values for Palaeogene continental flood basalts of East Greenland 

(Momme et al., 2002).

Au concentrations are generally low (<3 μg/kg) over the early Ordovician 

Slieve Gallion granite pluton and granodiorite of the late Caledonian Newry 

Igneous Complex. Higher concentrations occur over granite of the Palaeogene 

Mourne Mountains Complex. A few, isolated concentrations of 100–860 μg/kg 

are recorded over the outcrop of the Eastern Mournes Centre and in the area to 

the north, while baseline concentrations elsewhere over the Complex are typically 

<3 μg/kg. Previous work on the chemistry of Au grains recovered from south 

Co. Down (Smith et al., 1996) indicated the presence of Ag-rich and telluride-

bearing grains that may be genetically associated with granites of the Mourne 

Mountains Complex. Data presented here support the possibility of localised Au 

mineralisation related to granite emplacement.

anthropoGenic FactorS
Au is an increasingly common constituent of manufactured products, especially in 

technological and medical applications. Elevated Au concentrations are present 

around the margins of major urban areas in Northern Ireland, and at a number of 

heavily contaminated sample sites, indicating that the stream sediment distribution 

has been affected by anthropogenic activity.
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Iron Oxide (Fe2O3)

Statistics

Samples 5874

Mean 7.61

Minimum 0.73

Median 6.76

Maximum 50.08

Std Deviation 3.39

Range 49.35

Minimum detectable value 0.01

Iron Oxide (Fe2O3)

Stream Sediments

-150 μm Fraction

XRF-WD

General diStribution
Fe2O3 concentrations in stream sediments range from <1% to 49.5% with a 

median of 6.8%. The dominant feature of the regional iron distribution is the 

extensive zone of high Fe2O3 values associated with basalt lavas of the Palaeogene 

Antrim Lava Group in Counties Londonderry and Antrim, where values commonly 

exceed 10% in stream sediments. Elsewhere in Northern Ireland the highest iron 

values are apparently controlled predominantly by in-stream precipitation of iron 

oxyhydroxides, typically from acid, organic-rich, near-surface groundwater with 

a high dissolved iron load. As such, the highest Fe2O3 values typically correlate 

with peat covered and forested areas such as west Co. Tyrone and parts of 

the south Sperrin Mountains, and may also reflect the local presence of readily 

mobilised iron mineral phases such as sulphides. By contrast, sedimentary rocks 

in Northern Ireland display much lower iron concentrations in stream sediments, 

rarely exceeding 10% Fe2O3. Consistently low Fe2O3 concentrations (<4.5% Fe2O3) 

are present over the outcrop of Carboniferous limestone in southwest Co. Armagh 

and in Co. Fermanagh, and over parts of the outcrop of Lower Palaeozoic bedrock 

of the Southern Uplands-Down-Longford Terrane in east Co. Down. Intermediate 

Fe2O3 values (5–10%) occur over the outcrop of Dalradian metasedimentary rocks 

in Co Londonderry, over the outcrop of Lower Palaeozoic rocks in the Southern 

Uplands-Down-Longford Terrane in Counties Armagh and Down and over the 

outcrop of Devonian and Carboniferous clastic sedimentary rocks in Counties 

Fermanagh and Tyrone. Concentrations of less than 4.5% Fe2O3 occur over 

Palaeogene granites of the Eastern Mournes Centre of the Mourne Mountains 

Complex in south Co. Down.

diStribution over MetaSediMentary rockS
Areas underlain by Moine and Dalradian metasedimentary rocks typically 

display intermediate to high Fe2O3 levels (7.6–20%), with the highest values 

(>12%) associated with the outcrop of the Moinian Lough Derg Group in west 

Co. Fermanagh, and the outcrop of the Dalradian Supergroup in west Co. Tyrone. It 

is thought likely that these elevated Fe2O3 concentrations reflect iron enrichment in 

stream sediment as a result of low-temperature surface environmental processes, 

particularly precipitation of hydrous oxide coatings on sediment particles from 

Fe-rich near-surface groundwater. Both areas exhibit low pH and elevated NPOC 

and dissolved Fe in stream waters. Fe2O3 levels in the range 7.7–12% are typical 

of the Dalradian outcrop in the central Sperrin Mountains although areas of local 

enrichment up to 26% are present. Fe2O3 levels are notably lower over the Claudy 

and Ballykelly formations, near the northern margin of the Dalradian outcrop, 

even though parts of the area are covered in peat and forest. This may indicate 

that less Fe is present in the bedrock as readily mobilised mineral phases such 

as pyrite.

The outcrop of Dalradian metasedimentary rocks in northeast Co. Antrim is 

characterized by consistently elevated Fe2O3 levels (>10%) in stream sediments 

and thus closely resembles the Fe2O3 concentrations over adjacent Palaeogene 

basalt lavas of the Antrim Lava Group on the Antrim Plateau.

diStribution over SediMentary rockS
Sedimentary rocks in Northern Ireland show fairly distinctive, well resolved, 

patterns of iron distribution. Concentrations over Lower Palaeozoic bedrock of 

the Southern Uplands-Down-Longford Terrane in Counties Armagh and Down 

fall within the low to intermediate range (<10% Fe2O3) although there are some 

local variations. In south Co. Armagh, consistently high values in the range 6–10% 

may be associated with bedrock iron enrichment in the South Armagh-Monaghan 

Mining District, while in east Co. Down values rarely exceed 6%. When compared 

with the remainder of the Southern Uplands-Down-Longford Terrane, the low 

values recorded in east Co. Down are less readily explained.

Low to intermediate Fe2O3 levels (<10%) predominate over the outcrop of 

Devonian and Carboniferous rocks in Counties Tyrone and Fermanagh. However, 

a clear distinction is apparent between iron oxide concentrations over the outcrop 

of clastic sedimentary rocks, where values are typically 4.5–7.5%, and over 

Carboniferous limestone which shows characteristically very low concentrations 

of Fe2O3 in stream sediment (<4.5%).

There are no features of note in the distribution of iron over Mesozoic rocks in 

Northern Ireland. Low to intermediate Fe2O3 concentrations are present over the 

Palaeogene Lough Neagh Clays Group east of Dungannon in Co. Tyrone.

diStribution over iGneouS rockS
Fe2O3 concentrations are variable over the early Ordovician Tyrone Igneous 

Complex in Co. Tyrone and show a weak relationship with the underlying bedrock 

geology. Low to intermediate Fe2O3 levels (<10%) characterise the outcrop of 

the granite pluton on Slieve Gallion and the outcrop of basic rocks of the Tyrone 

Plutonic Group, south of the Moinian Central Inlier. Higher concentrations, typically 

greater than 10% Fe2O3, persist over much of the outcrop of the Tyrone Volcanic 

Group and later minor intrusions. Exceptionally high iron values (20–35% Fe2O3) 

occur over the Tyrone Volcanic Group in the Creggan area, and further northeast 

in the Davagh Forest area over rocks of both the Tyrone Volcanic Group and 

Tyrone Plutonic Group. Such high levels of Fe are characteristic of peat-covered 

terrain which is typical of this area although it could also indicate the presence 

of readily soluble iron phases such as pyrite in the bedrock.

The distribution of iron over the late Caledonian Newry Igneous Complex is 

largely indistinguishable from the surrounding Lower Palaeozoic country rocks, 

with values typically in the range 4–7% Fe2O3. Notably higher concentrations are 

present at the northeast margin of the Newry Igneous Complex in the vicinity of 

the outcrop of the Ultramafic-Intermediate Complex.

Elevated Fe2O3 (>10%) concentrations typify the extensive outcrop of basalt 

lavas of the Palaeogene Antrim Lava Group on the Antrim Plateau. High Fe 

concentrations (>12% Fe2O3) that occur along the western margin of the outcrop 

of the Upper Basalt Formation in Co. Londonderry correlate with elevated values 

of Cr, Ni and Mg and may reflect original variations in magma chemistry. The 

distribution of the highest Fe values elsewhere on the Antrim Plateau apparently 

shows a weak correlation with variations in the composition of the lavas. Anomalous 

concentrations (12–20% Fe2O3) east of the River Bann around Glarryford, north-

northwest of Ballymena, and in the Dungonnell Dam area, near Cargan, appear to 

reflect iron enrichment due to the presence of significant areas of peat bog. Locally, 

the influence of Fe-rich laterite and lithomarge of the Interbasaltic Formation may 

be significant in parts of east and north Co. Antrim.

Palaeogene granites of the Mourne Mountains Complex typically yield very 

low Fe2O3 concentrations in stream sediment (<5%), indicating that secondary 

processes have had little impact on Fe levels in the streams that flow over this 

area despite the presence of peat in many sites. Higher concentrations (up to 14% 

Fe2O3) are associated with more basic intrusive lithologies of the Slieve Gullion 

Complex in south Co. Armagh.

anthropoGenic FactorS
There is little evidence of a significant anthropogenic control on Fe concentrations 

in stream sediments.
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Lead (Pb)

Statistics

Samples 5874

Mean 35.50

Minimum 0.70

Median 30.00

Maximum 1244.70

Std Deviation 38.70

Range 1244.00

Minimum detectable value 1.30

Lead (Pb)

Stream Sediments

-150 μm Fraction

XRF-WD

General diStribution
Lead (Pb) concentrations across Northern Ireland range over four orders of 

magnitude, with a median concentration of 30 mg/kg and an interquartile range 

of 22–39 mg/kg. Very high levels of Pb (> 75 mg/kg) are almost entirely associated 

with mineralisation, particularly over the western part of the outcrop of Lower 

Palaeozoic rocks in south Co. Armagh, around the South Armagh-Monaghan 

Mining District, where base metal mining is well documented, and over granites 

of the Palaeogene Mourne Mountains Complex. Many other anomalously high 

Pb values are related to known mineral occurrences, or can be attributed to a 

combination of anthropogenic activity and sample site contamination.

Enhanced background concentrations, particularly in sedimentary and 

metasedimentary rocks are influenced by variations in the content of K-feldspar 

and mica. The Dalradian outcrop displays moderate to high (40–80 mg/kg) 

Pb values. Several locally very high Pb values reflect mineralisation within the 

Dalradian metasediments. The outcrop of Devonian and Carboniferous rocks in 

the Fintona Block, south of the Omagh Thrust Fault, typically show moderate to 

slightly elevated concentrations of Pb, ranging from 20–60 mg/kg.

Basalt lava of the Palaeogene Antrim Lava Group on the Antrim Plateau 

provide the most expansive low-Pb feature, with Pb concentrations rarely in 

excess of 15 mg/kg. One exception is a cluster of anomalously high values in the 

vicinity of Dungonnell Dam, 17 km northeast of Ballymena.

diStribution over MetaSediMentary rockS
Pb concentrations over the outcrop of Moinian and Dalradian rocks are typically 

moderate to high with most values above the mean of 30 mg/kg, reflecting the 

high content of K-feldspar and mica in these rocks.

Generally enhanced background Pb values over the outcrop of the Moinian 

Lough Derg Group in the Lough Derg Inlier, near Belleek, reflect the enhanced 

feldspar and mica content of late stage pegmatites. A small, high-Pb anomaly 

in the Inlier occurs over peaty ground, with elevated Fe and Sn, indicating 

contamination or co-precipitation with secondary hydrous Fe-oxides.

Little differentiation can be made between Dalradian lithostratigraphical units, 

with the exception of the Ballykelly Formation, over which Pb concentrations 

are slightly reduced. The most extensive area of anomalously high values (74–

206 mg/kg) occurs over the Mullaghcarn Formation around Slieveard, about 5 km 

northeast of Omagh. Associated anomalous values of Au (up to 164 μg/kg), As 

and Ba are also reported from this area of known mineral potential. A smaller 

scale anomaly occurs within the Newtownstewart Formation, where high Pb 

(46–207 mg/kg) values occur in conjunction with Ba, As and Zn.

Numerous small-scale anomalies are scattered throughout the Sperrin 

Mountains, particularly around Park and Claudy, where Au and Pb mineralisation 

are known. Within the Claudy Formation, anomalous Pb values reported between 

Claudy and Dungiven may be attributed to contamination observed at the 

sampling sites.

Pb concentrations over the outcrop of the Southern Highland Group 

in northeast Co. Antrim are generally moderate to high. A highly anomalous 

occurrence in the Glendun Formation is associated with high Au (191 μg/kg), Sb 

(19.8 mg/kg) and As (25.2 mg/kg).

diStribution over SediMentary rockS
In Northern Ireland, the most extensive areas of Pb concentrations are found over 

the outcrop of Lower Palaeozoic rocks in the Southern Uplands-Down Longford 

Terrane, in particular over the Gala and Hawick groups of south Co. Armagh and 

south Co. Down. The highest Pb value (1244.7 mg/kg) recorded occurs over the 

Gala Group in the vicinity of the former base metal mine workings in the South 

Armagh-Monaghan Mining District. High Pb concentrations correlate strongly 

with Zn in this area, where numerous showings of Pb and Zn mineralisation are 

recorded (Legg, 1985).

In north Co. Down, high Pb values associated with high Zn, As, Au, Sb, 

Cu and Sn are present near the historic Conlig-Whitespots base metal mines. 

The occurrence of Sn indicates possible anthropogenic factors, in addition to 

mineralisation as the source of the anomaly. With the exception of the Whitespots 

anomaly, the remainder of the Gala Group rocks of Co. Down yield low to moderate 

(16–40 mg/kg) Pb concentrations. Several single point anomalies occur with 

coincident high Cu, Zn and Sn, typical of anthropogenic sources.

Rocks of the Hawick Group in south Co. Down exhibit high to very high Pb 

concentrations around the margins of the Mourne Mountains Complex. Combined 

with high Sn, anomalous Pb levels in drainage samples can be directly attributed 

to downstream dispersion of eroded granite material from the Mourne Mountains, 

which displays high Pb and Sn signatures. However, low to moderate values occur 

over the Hawick Group in the Lecale area, near Downpatrick. Other point-source 

Pb anomalies within the Hawick Group are coincident with previously reported 

mineral occurrences, chiefly as a result of vein-hosted mineralisation related to 

the intrusion of Palaeogene basic dykes.

Throughout the Devonian and Carboniferous outcrop in Northern Ireland 

no correlation between lithological variation and the distribution of Pb can be 

distinguished. Concentrations range from low to slightly elevated (15–50 mg/kg) 

with a number of small-scale anomalous high-Pb occurrences. Near the county 

boundary between Tyrone and Fermanagh, west and north of Fivemiletown, high-

Pb values, with associated enhanced Ba and Zn are present. Pb and Ba mineral 

showings have been noted previously. Other anomalies are likely to reflect site 

contamination and anthropogenic activity.

Mesozoic and Cenozoic lithologies display generally low Pb concentrations, 

with localised single site highs near Dungannon and in the Lagan Valley attributed 

to a combination of site contamination and anthropogenic activity.

diStribution over iGneouS rockS 
The highest Pb concentrations reported over igneous rocks occur over granite of the 

Palaeogene Mourne Mountains Complex in south Co. Down, with values ranging 

from 44–287 mg/kg. Galena mineralisation has been previously reported.

Enhanced Pb concentrations occur over the southern extent of the late 

Caledonian Newry Igneous Complex. This is considered to be an artefact resulting 

from downstream dispersion of Pb (and associated high Sn) in stream channels 

draining north from the Mourne Mountains.

Slightly elevated concentrations of Pb (30–60 mg/kg), with significant As and 

Au occur over parts of the early Ordovician Tyrone Volcanic Group, whilst lower 

values are associated with the Tyrone Plutonic Complex. However, high Fe also 

reported in these samples and peaty soil suggests that Pb may be concentrated 

through co-precipitation with secondary hydrous Fe-oxides.

Basalt lava of the Palaeogene Antrim Lava Group on the Antrim Plateau in 

Counties Antrim and east Co. Londonderry display the lowest values of Pb. One 

notable Pb anomaly, with associated elevated Zn, As, Mn and Fe (up to 20%), 

lies over the Upper Basalt Formation near Dungonnell Dam, 17 km northeast 

of Ballymena. It is probable that the combination of peaty soil and high Fe 

content have concentrated Pb, and other elements, through co-precipitation 

with secondary Mn and Fe-oxides. A similar process may be responsible for 

small-scale high-Pb occurrences over the Upper Basalt Formation between the 

Carnlough and Ballytober Faults in east Co. Antrim.

anthropoGenic FactorS
Pb is a common constituent of many manufactured metals and is used extensively 

in Pb-Sn solders. Pb shot are widely distributed, particularly over moorland and 

in streams. Contamination of stream sediment is commonplace, from multiple 

sources such as atmospheric dust, metallic detritus, and Pb-glazes used in glass 

and pottery. Many of the localised anomalies may be linked to contamination 

near the sampling sites.
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Magnesium Oxide (MgO)

Statistics

Samples 5874

Mean 2.30

Minimum 0.40

Median 2.10

Maximum 8.90

Std Deviation 1.10

Range 8.50

Minimum detectable value 0.30

Magnesium Oxide (MgO)

Stream Sediments

-150 μm Fraction

XRF-WD

General diStribution
Magnesium Oxide (MgO) concentrations vary between 0.4% and 8.9%; the 

median value is 2.1% and the interquartile range 1.5–2.9%. The MgO distribution 

displays strong lithologically controlled patterns in Northern Ireland. Commonly, 

the highest values (>4%) are associated with the basalt lava of the Palaeogene 

Antrim Lava Group in Counties Antrim and Londonderry. Elevated concentrations 

are also associated with metabasite intrusions in the Dalradian succession and 

with the outcrop of Devonian and Carboniferous sedimentary rocks in the Fintona 

Block. The outcrop of Lower Palaeozoic rocks in the Southern Uplands-Down-

Longford Terrane in Counties Down and Armagh yield low to intermediate MgO 

values (1.4–2.4%).

Characteristically low concentrations (1.9%) are associated with the outcrop 

of Moinian and Dalradian metasedimentary rocks in the Lough Derg Inlier, Sperrin 

Mountains and northeast Co. Antrim. Very low MgO values (<1.1%) are associated 

with the outcrop of Carboniferous rocks in south Co. Fermanagh and north 

Co. Armagh and with granite of the Palaeogene Mourne Mountains Complex.

diStribution over MetaSediMentary rockS
Very low MgO concentrations (<1.0%) are present over the Moinian Lough Derg 

Group in west Co. Fermanagh, reflecting an absence of mafic detrital minerals. 

The outcrop of Dalradian metasedimentary rocks in west Co. Tyrone, the Sperrin 

Mountains and northeast Co. Antrim yield characteristically low to moderate MgO 

concentrations with little distinction between different lithostratigraphical units. 

However, it is evident that within the outcrop of the Southern Highland Group, 

lower baseline concentrations (<1.5%) persist over the Claudy Formation in the 

northern part of the Sperrin Mountains and over the Mullaghcarn Formation in their 

southern part. Sporadically elevated MgO concentrations (4–6%) occur over the 

Dungiven Formation of the Argyll Group and the Dart Formation of the Southern 

Highland Group in the Sperrin Mountains and clearly reflect the presence of 

metabasite intrusions within the succession. In west Co. Tyrone, one isolated 

MgO anomaly (6%), just west of Killeter, probably indicates the presence of basic 

rocks, although whether the source is within the Dalradian sequence or relates 

to the nearby outcrop of a Palaeogene basic dyke remains unclear.

diStribution over SediMentary rockS
The outcrop of the Lower Palaeozoic sedimentary rocks in the Southern Uplands-

Down-Longford Terrane in Counties Down and Armagh yield intermediate MgO 

concentrations (1.6–2.4%) with little apparent systematic variation within or 

between the different fault-bounded tracts, although slightly higher baseline 

concentrations may be present over the Gilnahirk Group and northernmost Gala 

Group tracts. A cluster of elevated values (in the region of 4%) in the Ardglass 

area of southeast Co. Down, coincides with high values of K, Ga and B, indicating 

enrichment in clays, and is possibly related to the presence of late Devensian 

glaciomarine mud described from this region (McCabe and Dunlop, 2006).

The outcrop of Devonian and Carboniferous sedimentary rocks in the Fintona 

Block in Counties Tyrone and Fermanagh display a characteristic MgO signature 

with sharply elevated concentrations (2.5–3.8%) relative to the adjacent outcrop of 

Carboniferous and Dalradian rocks. Correlation with enhanced concentrations of 

Ni and Cr indicate that high MgO concentrations are attributable to the presence 

of a substantial proportion of mafic-ultramafic detritus within the sediment source 

area of these rocks.

With the exception of the area of the Fintona Block, MgO concentrations 

over the remaining parts of the Carboniferous outcrop are generally very low. 

Persistently low MgO values over limestone emphasises their non-dolomitic 

nature although there are isolated exceptions such as a highly elevated MgO value 

(6%) recorded over the Meenymore Formation, which is an evaporitic sequence 

with dolomitic horizons. High MgO concentrations close to Belcoo, in west 

Co. Fermanagh, reflect the presence of highly dolomitised mud mound limestone 

of the Knockmore Limestone Member of the Dartry Limestone Formation, which 

is quarried in the area. (Mitchell, 2004).

There are no notable features in the distribution of MgO over Mesozoic and 

Cenozoic sedimentary rocks. Low to intermediate concentrations (<2.4%) are 

present over the outcrop of the Triassic Sherwood Sandstone Group and of the 

Palaeogene (Oligocene) Lough Neagh Group.

diStribution over iGneouS rockS
MgO concentrations fail to differentiate between the constituent lithologies of the 

early Ordovician Tyrone Igneous Complex and the adjacent Dalradian succession 

to the north. Low to intermediate values (<2.9%) are present over most parts 

the Complex, although locally higher concentrations (3.6–5%) occur towards 

the northeast extremity of the outcrop of the Tyrone Plutonic Group, northwest 

of Cookstown, and more accurately reflect the basic nature of the underlying 

bedrock.

Granodiorites of the late Caledonian Newry Igneous Complex yield consistently 

low MgO concentrations (1.5–2%), with a few values locally ranging up to 3.5%. 

Very similar MgO concentrations persist over the host sedimentary rocks of the 

Southern Uplands-Down-Longford Terrane. The Ultramafic-Intermediate Complex 

at the northeast end of the Newry Igneous Complex is clearly distinguished by 

higher MgO levels (3–4.2%).

As is the case for other elements, the fractionated nature of the major 

Palaeogene igneous intrusions in Northern Ireland gives rise to strong regional 

patterns in the MgO distribution. The highest concentrations detected in the survey 

are located over basalt lava of the Palaeogene Antrim Lava group in Counties 

Antrim and Londonderry, where they range from 2.5–8.9%. Concentrations 

above 3.9% occur in east and south Co. Antrim, and along the western edge of 

the Antrim Plateau in Co. Londonderry. In common with other elements that are 

normally elevated in basalt lava (for example Cr, Ni and CaO), lower concentrations 

predominate in a broad north-south band over the central part of the Antrim 

Plateau stretching from Lough Neagh, in the southwest, to the coast of north 

Co. Antrim. This feature is thought to reflect the presence of thicker Quaternary 

superficial deposits, which may exert a masking effect on the geochemical 

signature of the basalt bedrock.

The distribution of the highest MgO concentrations, although broadly 

similar to that for Cr and Ni shows some interesting local divergence. Very high 

concentrations over the Upper Basalt Formation are present along the western 

edge of the Antrim Plateau, but are notably clustered towards the northern end 

of that area, south and west of Castlerock. Stream sediment values (5–6.5%) 

are much lower than the whole-rock data presented for this area (Lyle, 1988) 

which shows MgO concentrations typically in the range 12–14%, while Cr and 

Ni concentrations are much more consistent between stream sediment and 

whole-rock data, perhaps indicative of the much greater surface environmental 

mobility of MgO compared to Cr and Ni over the basalt lava. In east Co. Antrim, 

very high MgO concentrations persist over both the Lower Basalt and Upper 

Basalt formations, with some of the highest concentrations located in the hills 

west of Belfast.

In stark contrast to the early fractionated basalt lava, consistently very low 

MgO concentrations (0.1–1.1%) occur over granite of the Palaeogene Mourne 

Mountains Complex.

anthropoGenic FactorS
There is no evidence of any significant anthropogenic influence on the distribution 

of MgO concentrations in stream sediments collected in Northern Ireland.
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Manganese Oxide (MnO)

Statistics

Samples 5874

Mean 0.358

Minimum 0.017

Median 0.216

Maximum 9.230

Std Deviation 0.512

Range 9.213

Minimum detectable value 0.005

Manganese Oxide (MnO)

Stream Sediments

-150 μm Fraction

XRF-WD

General diStribution
Manganese concentrations in stream sediments show a median concentration 

of 1673 mg/kg and an interquartile range of 964–3053 mg/kg. The regional 

distribution of elevated Mn across Northern Ireland is predominantly controlled 

by in-stream precipitation of secondary hydrous oxides. Topography, and related 

soil cover, also play an important part in Mn distribution, whilst local enhancement 

is observed in some areas of known mineralisation. The single highest Mn value 

of 71489 mg/kg occurs over basalt lava of the Palaeogene Antrim Lava Group 

on the Antrim Plateau, while an area of very high Mn concentrations also occurs 

over Dalradian metasedimentary rocks in the Sperrin Mountains. Several other 

high-Mn anomalies that occur in Northern Ireland are mostly attributable to 

precipitation of secondary hydrous oxides. The lowest regional concentrations 

of Mn encountered in stream sediments occur over the outcrop of Carboniferous 

limestone in south Co. Tyrone and in Co. Fermanagh.

diStribution over MetaSediMentary rockS
Metasedimentary rocks in general display highly variable Mn concentrations 

with no obvious bedrock lithological control. For example, over the outcrop 

of the Dungiven Formation, Mn concentrations range from 315–50716 mg/kg. 

Background concentrations of 5000 mg/kg are typical, and are noticeably higher 

than those occurring over the outcrop of Devonian and Carboniferous sedimentary 

rocks. Isolated single points and small clusters of very high Mn anomalies occur 

in the Sperrin Mountains. Approximately 7 km west of Moneyneany, close to the 

county boundary between Tyrone and Londonderry, a tight cluster of three samples 

show Mn concentrations of 17198 mg/kg, 29307 mg/kg and 29454 mg/kg. 

Associated with peat soils, the very high levels of Fe2O3 (15–20%) and enhanced 

concentrations of As, Mo, Ag and Cd indicate that secondary precipitation of 

hydrous oxides is the source of Mn enrichment. Similar anomalies also occur 

over psammite of the Moinian Lough Derg Group, north of the Pettigoe Fault in 

north Co. Fermanagh, where a number of anomalously high Mn concentrations 

are observed.

diStribution over SediMentary rockS
Manganese concentrations over Lower Palaeozoic rocks of the Gala and Hawick 

groups of the Southern Uplands-Down-Longford Terrane in south Co. Armagh 

and in Co. Down vary considerably and it is not possible to differentiate between 

individual lithostratigraphical tracts. A number of single point high-Mn anomalies 

that occur along tract-bounding faults within the outcrop of the Gala Group, are 

coincident with elevated concentrations of Mo, Sb and U and probably reflect the 

presence of Moffat Shale Group lithologies. A small cluster of high-Mn samples 

approximately 5 km southeast of Downpatrick in Co. Down are coincident with 

elevated levels of Ba, As, Sb, Mo, Ag, Se and Au and may again be attributable 

to the local outcrop of the Moffat Shale Group. Moderate to slightly enhanced 

background Mn concentrations (1000–5000 mg/kg) over Gala Group rocks in 

south Co. Armagh are augmented by local mineralisation associated with historical 

mining activities in the South Armagh-Monaghan Mining District.

Over the outcrop of Devonian and Carboniferous rocks in Co. Fermanagh 

and south Co. Tyrone, Mn concentrations are generally very low to moderate, and 

display the lowest regional patterns seen in Northern Ireland. In general, limestone 

units yield the lowest background levels, as illustrated by Mn concentrations 

ranging from 342–3899 mg/kg over the early Carboniferous Ballyshannon 

Limestone Formation in Co. Fermanagh. Localised high-Mn anomalies occur 

over rocks of the early Carboniferous Ballyness Formation, approximately 7 km 

northwest of Fivemiletown, and over the outcrop of the Glenade Sandstone 

Formation in west Co. Fermanagh.

Mesozoic and Cenozoic rocks generally exhibit low Mn concentrations. 

A number of sporadic, single point high-Mn anomalies are evident, and most 

probably are attributable to secondary precipitation.

diStribution over iGneouS rockS
Several discrete high-Mn anomalies (up to 39684 mg/kg) occur over the early 

Ordovician Tyrone Igneous Complex in Co. Tyrone, and are coincident with very 

high Fe2O3 (up to 23.83%), indicative of secondary precipitation of hydrous Mn 

oxides. However, Mn concentrations over the Complex are generally variable 

and as such are indistinguishable from those of surrounding metasedimentary 

and younger sedimentary rocks. The distribution of Mn over the late Caledonian 

Newry Igneous Complex varies considerably, with values in the range 484–

39832 mg/kg. The highest concentrations occur in the northeast, over the outcrop 

of the Ultramafic-Intermediate Complex, and are accompanied by very high Fe2O3 

levels. Similar ranges in Mn values are exhibited by the Palaeogene Slieve Gullion 

Complex in south Co. Armagh and by granites of the Mourne Mountains Complex 

in south Co. Down, where isolated high Mn values are related to secondary 

processes.

Manganese concentrations over the outcrop of basalt lava of the Palaeogene 

Antrim Lava Group on the Antrim Plateau are typically moderate to very high (900–

71489 mg/kg), and include the single highest value reported in Northern Ireland. 

General background values over the basalt lavas are concurrent with mean whole-

rock concentrations of approximately 1700 mg/kg. Some enrichment in Mn that 

occurs over the western margin of the Antrim Plateau in Co. Londonderry, and 

in the Glens of Antrim, is coincident with elevated Fe2O3 concentrations and the 

presence of extensive peat bog. This is again an indication of enrichment resulting 

from precipitation of secondary hydrous manganese and iron oxides.

anthropoGenic FactorS
There are no indications that anthropogenic activities impact on the regional 

distribution of Mn in Northern Ireland.
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Molybdenum (Mo)

Statistics

Samples 5874

Mean 1.20

Minimum 0.10

Median 0.80

Maximum 86.10

Std Deviation 1.90

Range 86.00

Minimum detectable value 0.20

Molydbenum (Mo)

Stream Sediments

-150 μm Fraction

XRF-WD

General diStribution
Molybdenum (Mo) concentrations range over three orders of magnitude; the 

median concentration is 0.8 mg/kg and the interquartile range 0.4–1.4 mg/kg. The 

Mo distribution in stream sediments shows strong geological control. Uniformly 

low values (<0.8 mg/kg) are present over basalt lava of the Palaeogene Antrim 

Lava Group on the Antrim Plateau in Counties Antrim and Londonderry. High 

concentrations (3–10 mg/kg) occur over granite of the Palaeogene Mourne 

Mountains Complex. Baseline values over the outcrop of the main sedimentary 

and metasedimentary formations are typically 1–2 mg/kg. However, higher 

concentrations (up to 15 mg/kg) are apparently associated with black mudstones 

of the Moffat Shale Group in the Lower Paleozoic rocks of Counties Down and 

Armagh and with the Carboniferous outcrop in the southwest of Northern 

Ireland. Elevated concentrations (4–19 mg/kg) over Dalradian rocks in the 

Killeter area, west Co. Tyrone, may reflect secondary concentrations of Mo in 

the near surface environment associated with high proportions of organic matter 

or Fe-oxide coatings in the stream sediment. Further anomalies, distributed 

throughout Northern Ireland, reflect sulphide mineralisation or are associated 

with anthropogenic contamination.

diStribution over MetaSediMentary rockS
Mo values over the outcrop of the Moinian and Dalradian successions are typically 

in the range 0–1.4 mg/kg, with little evidence of systematic variation between 

the major lithostratigraphical units. High baseline concentrations (2–3 mg/kg) 

over the Moinian Lough Derg Group in the Lough Derg Inlier near Belleek in 

west Co. Fermanagh are attributed to secondary enrichment in the surface 

environment through co-precipitation/sorption with surface clast coatings of 

secondary Fe or Mn-oxides. Very high Fe concentrations occur over this poorly 

drained, peat-covered, low-pH area.

An extensive area of strongly elevated Mo concentrations (4–19 mg/kg) 

occurs in west Co. Tyrone, in the area extending west from Killeter to the border 

with the Republic of Ireland, much of which is forested. These elevated Mo 

concentrations are associated with extremely high iron oxide concentrations (10–

35%), suggesting that the elevated Mo values also reflect secondary concentration 

in Fe-oxide coatings or with organic material, rather than a direct association 

with underlying bedrock.

Sporadic areas of elevated Mo concentrations over the Sperrin Mountains are 

typically associated with high concentrations of Pb, Zn, As and Ba, suggesting an 

association with sulphide mineralisation. The most prominent of these anomalies 

(18.6 mg/kg) occurs 4 km west of Park. More widespread, but less intense, 

anomalies (2–4 mg/kg) are located in the Gortin area over the Glenelly and 

Mullaghcarn formations, an area where many localities with sulphide mineralisation 

are recorded.

In northeast Co. Antrim a major Mo anomaly (29 mg/kg) located 5 km 

northwest of Cushendun occurs over the Dalradian Runabay Formation. High Fe 

concentrations suggest that the Mo anomaly reflects secondary co-precipitation 

with Fe-oxides in the stream environment.

diStribution over SediMentary rockS
The Mo distribution over the main sedimentary rock units is indistinct, with little 

apparent systematic variation between arenaceous, argillaceous or carbonate-

rich lithologies.

Baseline Mo concentrations are typically in the range 0.4–1.4 mg/kg over 

the Lower Palaeozoic tracts in the Southern Uplands-Down-Longford Terrane in 

Counties Down and Armagh, although locally anomalous values exceed this. The 

highest concentrations (up to 86 mg/kg) occur over the outcrop of the Hawick 

Group, in the southern part of the Terrane, adjacent to the northeast margin of the 

Palaeogene Mourne Mountains Complex. These occur in association with high 

concentrations of other metals, and are attributed to probable enrichment from 

sulphide mineralisation. A band of moderately elevated values (1.9–4.5 mg/kg) 

stretches north from Crossmaglen towards Newtownhamilton in south Co. Armagh 

and is also attributed to enrichment in sulphide mineralisation in this extensive 

zone of anomalous Pb and Zn values. However, Mo anomalies are notably absent, 

over the zone of former base metal mining in the South Armagh-Monaghan Mining 

District around Keady.

Other small zones of enhanced background values (2–10 mg/kg) occur 

sporadically throughout the Lower Palaeozoic Terrane, for example close to 

Banbridge and Ballynahinch, and may be associated with the presence, locally, 

of organic-rich black mudstone of the Moffat Shale Group (with the co-incident 

enhancement of U).

A prominent anomaly west of Downpatrick (7–22 mg/kg) is not readily 

explained, although coincident enhancement of U and Se values may indicate a 

primary geological black-shale source, or localised secondary concentration in 

anoxic, organic-rich stream sediment, in this boggy terrain.

The Devonian outcrop in the Fintona Block, in south Co. Tyrone, displays 

typically low Mo values. In contrast, the Carboniferous outcrop across Northern 

Ireland is characterised by more variable Mo concentrations. Basal Carboniferous 

(Tournaisian) clastic successions such as the Owenkillew Sandstone Group, 

Barony Glen Formation and Ballyness Formation typically exhibit Mo values of 

<1.4 mg/kg in stream sediments. The outcrop of Viséan rocks in Co. Fermanagh, 

south Co. Tyrone and northwest Co. Armagh shows generally higher Mo 

baseline values of 1–2 mg/kg. Fairly extensive areas of moderately elevated Mo 

concentrations (1.5–3 mg/kg) are superimposed on this baseline, for example, 

over the Glenade Sandstone Formation.

A cluster of anomalously high values (10–25 mg/kg) over rocks of the Glenade 

Sandstone Formation on the north slopes of Cuilcagh Mountain is of interest. 

Coincident anomalies in U, V and Se suggest enrichment in an organic-rich black-

shale environment, perhaps reflecting elevated values in the succeeding Carraun 

Shale and Dergvone Shale formations. Three independent isolated anomalies 

northeast of Kesh in Co. Fermanagh are considered likely to reflect secondary 

enrichment of Mo in the surface stream environment, with either Fe-oxide coatings 

or with organic material.

There are no distinguishable features of interest in the Mo distribution over 

Cenozoic and Mesozoic rocks.

diStribution over iGneouS rockS
The Mo distribution is variable over the lithologically diverse early Ordovician 

Tyrone Igneous Complex, with no clear signature associated with any individual 

lithostratigraphical unit. The highest concentrations (>7 mg/kg) are all associated 

with high Fe concentrations, indicative of a strong secondary control on Mo 

concentrations in this area.

Mo concentrations over the late Caledonian Newry Igneous Complex are 

highly variable, although concentrations are generally <3 mg/kg, reflecting the 

relatively undifferentiated nature of the granodiorite intrusions. Anomalies are 

located east (8 mg/kg) and northeast (27.4 mg/kg) of Newry over the central 

pluton and may reflect enrichment in locally more evolved parts of the intrusion, 

or an association with minor sulphide mineralisation. Concentrations over the 

early Ordovician Slieve Gallion granite pluton in southeast Co. Londonderry are 

poorly differentiated from the signature of the adjacent basic igneous rocks of 

the Tyrone Plutonic Complex.

The most extensive area of high Mo concentrations is associated with the 

Palaeogene Mourne Mountains Complex, where values in stream sediments are 

typically in the range 3–10 mg/kg over both the Eastern and Western Mournes 

centres, reflecting the incompatible behaviour of Mo in magmatic fractionation 

processes, and its possible occurrence as late-stage disseminated molybdenite. 

The zone of strongest anomalies occurs over the northern part of the Eastern 

Mournes Centre (up to 35 mg/kg), and extends northwards over country rocks 

of the Hawick Group. The extension of the anomaly over sedimentary rocks (up 

to 86 mg/kg) and associated anomalous zones of Sn, U, W, As, Se, Zn and Pb 

indicates that mineralisation is a likely source of element enrichment in this area. 

Baseline concentrations are generally lower over the more basic lithologies of the 

Palaeogene Slieve Gullion Complex and slightly higher over granite components 

of the Complex.

Uniformly low Mo concentrations in stream sediments (<0.8 mg/kg) are 

present over the Palaeogene Antrim Lava Group on the Antrim Plateau, consistent 

with incompatible behaviour of Mo during magmatic fractionation. The western 

part of the Tardree Rhyolite Complex is distinguished from the adjacent basalt 

lavas by slightly higher Mo concentrations (1–2.3 mg/kg) in stream sediments.

anthropoGenic FactorS
Mo is relatively uncommon in manufacturing processes compared with other 

metals such as Sn, Pb and Zn. There is no evidence of elevated Mo around the 

major urban centres but major anomalies are associated with contaminated sample 

sites southwest of Castlerock, Co. Londonderry and at Kilkeel, Co. Down.
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Nickel (Ni)

Samples

Samples 5874

Mean 78.50

Minimum 1.20

Median 55.00

Maximum 434.00

Std Deviation 62.30

Range 432.80

Minimum detectable value 1.30

Nickel (Ni)

Stream Sediments

-150 μm Fraction

XRF-WD

General diStribution
Nickel (Ni) concentrations in stream sediments range over three orders of 

magnitude; the median concentration is 55 mg/kg and the interquartile range 36–

104 mg/kg. The Ni distribution displays strong regional, geologically controlled, 

patterns. High Ni values (>175 mg/kg) are exclusively associated with the area 

of the Antrim Plateau in northeast Co. Antrim underlain by basalt lava of the 

Palaeogene Antrim Lava group. The highest concentrations (>300 mg/kg ) are 

associated with the western part of the outcrop of the Upper Basalt Formation 

in Co. Londonderry and with the Lower Basalt and Upper Basalt formations in 

east Co. Antrim. Intermediate Ni concentrations are present over the outcrop of 

Lower Palaeozoic rocks in the various tracts of the Southern Uplands-Down-

Longford Terrane and over parts of the Devonian and Carboniferous successions 

of Counties Tyrone and Fermanagh. Low concentrations (<36 mg/kg) characterise 

much of the Moinian and Dalradian metasedimentary successions of the Sperrin 

Mountains and west Co. Tyrone, although metabasite intrusions in the Argyll 

Group and Southern Highland Group are distinguished by higher concentrations. 

Very low Ni concentrations (<20 mg/kg) occur over siliciclastic formations in the 

Carboniferous succession of southwest Co. Fermanagh, and over the granites 

of the Palaeogene Mourne Mountains Complex. There is little evidence of a 

significant anthropogenic control on the Ni distribution in Northern Ireland.

diStribution over MetaSediMentary rockS
The outcrop of Moinian and Dalradian rocks in Northern Ireland is typically 

associated with low to intermediate Ni values in stream sediments. Very low 

concentrations (<25 mg/kg) characterise the Moinian Lough Derg Group in the 

Lough Derg Inlier, northeast of Belleek in Co. Fermanagh, and the Argyll Group 

Lough Mourne Grits of the Dalradian succession in west Co. Tyrone, indicating 

an absence of mafic material in the provenance of these rocks.

The typically low to intermediate Ni baseline (<46 mg/kg) over the Argyll Group 

rocks of the Newtownstewart and Dungiven formations and the Southern Highland 

Group Dart Formation in the Sperrin Mountains in Co. Londonderry contrasts with 

higher concentrations (up to 166 mg/kg) associated with metabasite intrusions 

and volcanogenic green beds in the succession. Baseline Ni concentrations are 

intermediate (typically 40–70 mg/kg) over other Southern Highland Group rocks 

with the exception of the outcrop of the Claudy Formation in the north Sperrin 

Mountains, which shows lower Ni (<33 mg/kg) and also lower Cr and MgO.

There is little distinction between Ni concentrations over the different 

lithostratigraphical units of the Dalradian inlier in northeast Co. Antrim, where 

concentrations range between 35 and 110 mg/kg.

diStribution over SediMentary rockS
Ni concentrations are typically in the intermediate to high range (40–110 mg/kg) 

over the Lower Palaeozoic tracts of the Southern Uplands-Down-Longford Terrane 

in Counties Down and Armagh. In common with Cr, higher concentrations of Ni 

occur over the Northern Belt (Leadhills Supergroup) and the northernmost tracts 

of the Gala Group, suggesting a weaker influence of mafic-ultramafic detritus on 

the sediment source of the younger tracts to the south. However, in contrast to 

Cr, relatively elevated Ni concentrations persist over the younger tracts in the 

southwest part of the outcrop in south Co. Armagh. Here, Ni values appear 

more closely correlated with Zn, Cu and As, which indicates some enrichment 

and redistribution of Ni by sulphide mineralising systems.

The outcrop of Devonian sedimentary rocks in Counties Tyrone and Fermanagh 

display well-resolved Ni signatures on the basis of the stream sediment data. 

The Shanmullagh Formation, north of the Tempo-Sixmilecross Fault, shows 

consistently moderate Ni concentrations (typically 55–80 mg/kg) accompanied 

by moderate to high Cu and MgO values. The Shanmaghery Sandstone and 

Gortfinbar Conglomerate formations, south of the Tempo-Sixmilecross Fault, 

display generally slightly lower Ni (and Mg, Cu) concentrations (30–60 mg/kg) 

especially in the northeast extent of their outcrop.

Low to moderate Ni concentrations predominate over the Carboniferous 

outcrop. Typically low concentrations (<33 mg/kg) are present over the Omagh 

Sandstone Group in Co. Tyrone, the Roe Valley Group in Co. Londonderry and 

over most lithologies of the Tyrone and Leitrim groups south of Lower Lough Erne. 

The lowest concentrations (<20 mg/kg) are associated with the Ballyshannon 

Limestone Formation and the Glenade Sandstone Formation in the Enniskillen-

Ballintempo Forest area. Low to intermediate baseline concentrations are evident 

over the Tyrone and Leitrim group rocks of the Lisnaskea area with values typically 

20–50 mg/kg. It is likely that localised higher concentrations over parts of the 

Carboniferous succession are associated with argillaceous lithologies, and lower 

concentrations with limestone and sandstone formations.

Carboniferous rocks in the Fintona Block show slightly higher Ni concentrations 

in stream sediments (up to 75 mg/kg), particularly the Ballinamallard Mudstone 

Formation over which concentrations are very similar to the adjacent Devonian 

Shanmullagh Formation, located north of the Killadeas-Seskinore Fault.

There are no features of note in the Ni distribution over Mesozoic rocks, with 

concentrations typically mid-range. Intermediate Ni concentrations characterise 

the Palaeogene (Oligocene) sediments of the Lough Neagh Group at the southwest 

side of Lough Neagh.

diStribution over iGneouS rockS
The Ni signatures of rocks forming the early Ordovician Tyrone Igneous Complex 

are poorly resolved by the stream sediment data, with low to intermediate 

concentrations (20–80 mg/kg) persisting over the Tyrone Volcanic Group, the 

Tyrone Plutonic Group and the various igneous plutons that intrude the Complex. 

Only the outcrop of the Slieve Gallion granite pluton is readily distinguished by 

lower concentrations of Ni in stream sediments (<40 mg/kg).

The three granodiorite plutons of the late Caledonian Newry Igneous Complex 

are characterised by mid-range Ni concentrations in stream sediments (35–

80 mg/kg) and as such are largely indistinguishable from surrounding Lower 

Palaeozoic sedimentary rocks. However, lower concentrations (<30 mg/kg) are 

clearly identifiable over the eastern part of the southwest pluton. The Ultramafic-

Intermediate Complex located at the northeast end of the Newry Igneous Complex 

displays consistently higher Ni values in the region of 100 mg/kg.

The Ni map displays strong patterns related to the presence of Palaeogene 

igneous rocks. An extensive zone of elevated Ni concentrations (>100 mg/kg) 

is present over the entire outcrop of the Palaeogene Antrim Lava Group in 

Co. Antrim, reflecting the abundance of Ni-bearing minerals such as olivine 

in the mantle derived basalt lavas. Highest concentrations (200–400 mg/kg) 

occur over the western part of the outcrop of the Upper Basalt Formation in 

Co. Londonderry and in east Co. Antrim over both the Lower Basalt and Upper 

Basalt formations. The distribution of anomalous Ni (and MgO) concentrations 

shows some differences from that of Cr in Co. Antrim, with fewer Ni anomalies 

in south Co. Antrim over the Lower Basalt Formation and more in the east of 

the county, over the Upper Basalt Formation. This may reflect primary broad 

scale mineralogical and litho-geochemical variations in the basalt lavas, as well 

as the possible influence of co-precipitation of Ni with secondary oxides of Mn 

and Fe over some of the peat-covered upland terrain underlain by the Upper 

Basalt Formation in northeast Co. Antrim, as indicated by very high Fe and 

Mn concentrations.

Notably lower Ni concentrations (100–150 mg/kg) form a broad north-south 

band over the central part of the Antrim Plateau, probably reflecting a masking 

effect of thicker superficial deposits in the Bann Valley and adjacent areas rather 

than primary litho-geochemical characteristics of the basalt lavas beneath.

In contrast to the basalt lavas, the granites of the Palaeogene Mourne 

Mountains Complex yield exceptionally low Ni concentrations in stream sediments 

(commonly <10 mg/kg), emphasising the Ni-poor nature of these strongly 

fractionated rocks.

anthropoGenic FactorS
There appears to be no significant influence of anthropogenic contamination on 

the distribution of Ni in stream sediments.
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Phosphorus Oxide (P2O5)

Statistics

Samples 5874

Mean 0.30

Minimum 0.03

Median 0.26

Maximum 1.77

Std Deviation 0.16

Range 1.74

Minimum detectable value 0.05

Phosphorus Oxide (P2O5)

Stream Sediments

-150 μm Fraction

XRF-WD

General diStribution
Phosphorus Oxide (P2O5) concentrations in stream sediments have a median 

concentration of 0.26% and an interquartile range of 0.19–0.36%. The regional 

distribution of P2O5 across Northern Ireland shows some degree of geological 

control, particularly over igneous rocks. Over metasedimentary and sedimentary 

rocks, high P2O5 concentrations reflect the presence of secondary minerals; 

principally apatite and monazite. Topography and related agricultural practices, 

in particular the application of phosphate fertilisers, is also an important factor 

in P2O5 distribution. The single highest P2O5 value of 1.7% occurs over Lower 

Palaeozoic Gala Group rocks in the Lagan Valley, southwest of Belfast. An 

area of very high P2O5 values is also seen over Dalradian metasediments in 

west Co. Tyrone. Numerous high P2O5 anomalies occur sporadically across 

Northern Ireland, mostly attributable to agricultural fertiliser. The lowest regional 

concentrations encountered in stream sediments occur over the granite of the 

Palaeogene Mourne Mountains Complex.

diStribution over MetaSediMentary rockS
The outcrop of the Moinian and Dalradian successions display very variable P2O5 

concentrations, with values ranging from low (0.12%) to very high (1.42%). In west 

Co. Tyrone, an area of high to very high P2O5 concentrations (0.29–1.42%), in 

conjunction with high U, Y, La, Ce and Th, occurs over Dalradian rocks of the 

Dungiven, Claudy, Mullyfa, Aghyaran, and Lough Mourne Grit formations. This 

particular association with rare-earth elements (REE’s) indicates enrichment in 

accessory minerals, such as monazite, in which P is concentrated. Moderate 

to high background concentrations are seen over the Ballykelly, Claudy and 

Dungiven formations of north Co. Tyrone and west Co. Londonderry, with the 

highest values appearing to be confined to limestone beds within each unit. The 

upland topography of the Sperrin Mountains, mostly unproductive peat-based 

moorland unaffected by agriculture, is typified by low P2O5 values.

diStribution over SediMentary rockS
Background P2O5 concentrations over the Lower Palaeozoic tracts of Counties 

Armagh and Down are typically moderate to high, ranging from 0.25–1.28%. No 

differentiation between the Gala and Hawick groups is possible. Several isolated 

very high values, including the highest single value recorded in stream sediments 

(1.77% over Gala Group greywacke sandstone) are also observed. Although 

the natural P2O5 background concentrations are elevated, very high values do 

correlate strongly with farmed land in this area of particularly intense agricultural 

activity. The outcrop of the Moffat Shale Group, which is confined to the margins of 

each tract within the Terrane along the tract-bounding faults, may also contribute 

to local P2O5 enhancement as a result of P enrichment in the black mudstone. A 

cluster of samples yielding surprisingly low P2O5 values occurs over the Hawick 

Group near Ardglass, on the southeast coast of Co. Down.

Over the outcrop of Devonian and Carboniferous rocks in Counties Fermanagh 

and Tyrone, very little lithological control over P2O5 distribution can be seen. In 

general, P2O5 concentrations are higher over the Fintona Block, particularly over 

the Devonian Shanmullagh and Gortfinbar Conglomerate formations, than over 

more argillaceous sediments and limestones in the Carboniferous. In particular, 

concentrations over the outcrop of the early Carboniferous Meenymore Formation, 

located south of the Clogher Valley Fault, are low (<0.20%). Similarly low values 

are seen over the Glenade Sandstone and Dartry Limestone formations. Some 

enhancement of P2O5 is seen over the early Carboniferous Bundoran Shale 

and Benbulben Shale Formations in south Co. Fermanagh. Numerous single-

point high-P2O5 anomalies occur throughout the Devonian and Carboniferous 

successions, which may be attributable to the presence of secondary minerals 

and/or the presence of phosphate fertilisers over agricultural ground.

Single-point, high-P2O5 anomalies occurring over the Sherwood Sandstone 

Group in the Lagan Valley are almost certainly attributable to an anthropogenic 

source, such as phosphate fertiliser.

No notable features occur over Cenozoic and Mesozoic rocks.

diStribution over iGneouS rockS
P2O5 concentrations over the early Ordovician Tyrone Volcanic Group are moderate 

to high, reflecting the basic nature of these rocks. Very high values (up to 1.14%) 

are associated with exposed gabbro of the Tyrone Plutonic Group, which crops 

out at the eastern end of the Tyrone Igneous Complex. A larger unit of mapped 

gabbro to the south is extensively covered with glaciofluvial sand and gravel, 

making it indistinguishable from the surrounding metasediments and sediments. 

Over the four granite plutons, P2O5 concentrations are mixed, with higher values 

over the Beragh and Carrickmore granites than over the Pomeroy and Slieve 

Gallion granites. Overlying superficial deposits and agricultural activities probably 

mask the real geochemical signature of the granite bedrock.

Very low P2O5 concentrations characterise granite of the Palaeogene Mourne 

Mountains Complex, with values rarely exceeding 0.10%. Such unusually low 

values may be associated with coincident low Ca (< 1.5%), which has prevented 

the formation of the major P-bearing mineral apatite (Ca5(PO4)3(F,Cl,OH) 

during magmatism.

P2O5 concentrations over the Palaeogene Slieve Gullion Complex in south 

Co. Armagh are generally moderate, in the range 0.2–0.3%, and noticeably 

lower than values in the rocks of the surrounding late Caledonian Newry 

Igneous Complex.

In the Newry Igneous Complex P2O5 concentrations are usually high to very 

high and are thus indistinguishable from the host greywacke sandstones of the 

Lower Palaeozoic Gala and Hawick groups. The one exception in the Newry 

Igneous Complex is the very high P2O5 concentrations (up to 1.01%) which 

characterise the Ultramafic-Intermediate Complex at its northeast end.

In the western part of the Antrim Plateau and in the Glens of Antrim on its 

eastern margin, P2O5 concentrations over the Palaeogene Antrim Lava Group 

are mostly low. Elevated background concentrations with sporadic high P2O5 

anomalies occur over areas of glaciofluvial sand and gravel in the Bann Valley 

and along the north coast of Co. Antrim. These features are likely to result from a 

combination of accumulation of P-bearing secondary minerals and the application 

of phosphate fertilisers in this area of intense agricultural activity.

anthropoGenic FactorS
The use of phosphate fertilisers is the most significant anthropogenic factor 

influencing the distribution of observed P2O5 and probably contributes to both 

point-source and diffuse enhancements.
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Platinum (Pt)

Statistics

Samples 5689

Mean 0.85

Minimum 0.05

Median 0.50

Maximum 79.60

Std Deviation 1.73

Range 79.55

Minimum detectable value 0.10

Platinum (Pt)

Stream Sediments

-150 μm Fraction

XRF-WD

General diStribution
Platinum (Pt) concentrations in stream sediments range over three orders of 

magnitude with a median concentration of 0.5 μg/kg and the interquartile range 

0.2–1.1 μg/kg. Some 10% of sample points were below the detection limit of 

0.05 μg/kg. The Pt map for stream sediments shows well-defined regional 

patterns. The dominant feature of the map is an extensive zone of elevated 

values (typically 1.1–5 μg/kg) associated with the Palaeogene Antrim Lava Group 

on the Antrim Plateau. High concentrations are also apparently associated with 

other basic igneous rocks, notably the volcanogenic green beds and metabasite 

intrusions in the Dalradian succession. Conversely, the strong control of magmatic 

differentiation processes over the distribution of Pt is further emphasized by 

the low concentrations associated with the major intermediate and granitic 

intrusions.

Over the outcrop of metasedimentary and sedimentary successions 

in the western part of Northern Ireland Pt concentrations are generally low 

(<0.4 μg/kg), except in association with metabasite intrusions. Intermediate to 

high concentrations (up to 2 μg/kg) characterise greywacke sandstone of the 

Lower Palaeozoic tracts of Counties Down and Armagh, reflecting the presence 

of basic and ultrabasic igneous detritus in the original sediment source area.

There is a slightly noisy nature to the Pt distribution, caused by a sporadic 

distribution of strong single-point anomalies, possibly reflecting the occurrence of 

rare discrete grains of Platinum Group Elements (PGEs) in the stream environment. 

Chemical mobility of Pt in the surface environment is demonstrated by moderately 

elevated concentrations in samples with very high Fe-Mn concentrations, 

indicating secondary oxide precipitation, for example over the outcrop of the 

Moinian Lough Derg Group in west Co. Fermanagh. Elevated concentrations are 

also present around the major urban centres.

diStribution over MetaSediMentary rockS
Pt concentrations are typically below 0.4 μg/kg over most of the outcrop of 

Moinian and Dalradian rocks in west Co. Tyrone and in the Sperrin Mountains, 

although there are exceptions. The most notable features are a series of anomalies 

(1.6–7 μg/kg) that occur over the Dart Formation in the Sperrin Mountains. 

This formation is notable for the concentration of metabasite intrusions and 

particularly for its volcanogenic green beds, which originated by the erosion 

of Pt-enriched contemporaneous basic lavas and the resedimentation of that 

detritus. Interestingly, the Pt signature is much more pronounced than the Cr and 

Ni patterns in this area, indicating that Pt may have become enriched in magmatic 

sulphide phases or by hydrothermal processes. One exceptionally high value of 

80 mg/kg over the Dart Formation, approximately 10 km southeast of Feeny, is 

from a site that also yielded grains of panned gold.

Baseline Pt concentrations are notably higher (0.7–1.5 μg/kg) over the Ballykelly 

Formation, in the north Sperrin Mountains than over any other formation of the 

Southern Highland Group or the Argyll Group in that area, perhaps indicating a 

greater proportion of basic igneous material within the original sediment supply 

to that Formation.

diStribution over SediMentary rockS
The Pt distribution shows generally contrasting features over the various 

sedimentary successions across Northern Ireland.

Typically higher concentrations occur over the outcrop of greywacke sandstone 

of the Lower Palaeozoic tracts in Counties Down and Armagh. Concentrations are 

highly variable, mostly ranging from 0.1 to 2.5 μg/kg over the Lower Palaeozoic 

Terrane, with little apparent systematic variation within or between the major 

lithostratigraphical groups. A highly anomalous concentration of 8.1 μg/kg Pt 

occurs in a sample close to the outcrop of spilitic lavas in the Leadhills Supergroup 

near Helen’s Bay in north Co. Down. Other localised anomalies within the outcrop 

of the Gala Group are less readily explained on the basis of known geology and 

may be related to the presence of slight enrichment in black mudstone of the 

Moffat Shale Group or sulphide minerals, or they may reflect secondary, surface 

environmental processes.

In the southwest part of Northern Ireland, typically lower Pt concentrations 

(<0.4 μg/kg) occur over the Devonian and Carboniferous outcrop, irrespective of 

lithological character. The exception to this is the Devonian Shanmullagh Formation 

of the Fintona Group which exhibits higher baseline concentrations (0.2–0.7 μg/

kg) than the outcrop of Devonian rocks located south of the Tempo-Sixmilecross 

Fault, where concentrations are less than 0.4 μg/kg over the Shanmaghery 

Sandstone and Gortfinbar Conglomerate formations. The higher Pt values over 

the Shanmullagh Formation are associated with elevated Ni concentrations, while 

the latter formations are associated with Cr enrichment, perhaps indicating the 

Pt was associated with a basic sediment source in the Shanmullagh Formation 

rather than ultrabasic.

Pt patterns are indistinct over the Carboniferous outcrop and rarely exceed 

0.5 μg/kg. Moderately elevated concentrations (0.7–1.5 μg/kg) are associated 

with the Glenade Sandstone Formation in the area of Cuilcagh Mountain, where 

very high concentrations of other elements such as Mo, Se, U, are typical of a 

metal-enriched black-shale environment which is characteristic of the overlying 

Carraun Shale and Dergvone Shale formations.

A few sporadic, but very strong, single-site anomalies occur over the Devonian 

and Carboniferous outcrop in Counties Fermanagh and Tyrone and may reflect 

the presence of discrete grains of rare Pt-bearing minerals/alloys that have been 

transported some distance from source.

No features of interest are present over Mesozoic or Cenozoic sedimentary 

rocks. Concentrations are variable, apparently reflecting the influence of adjacent 

basaltic rocks, and anthropogenic contamination around Belfast and the 

Lagan Valley.

diStribution over iGneouS rockS
Slightly elevated Pt concentrations are apparent over parts of the early Ordovician 

Tyrone Igneous Complex in central Co. Tyrone, with concentrations of 0.5–

1.1 μg/kg occurring over lavas of the Tyrone Volcanic Group. Baseline values 

are similar or lower over gabbros of the Tyrone Plutonic Group. Typically low 

concentrations of Pt in stream sediments (<=0.4 μg/kg) are associated with all 

the major intermediate and granitic intrusive bodies in Northern Ireland with the 

lowest concentrations (<0.05 μg/kg) recorded in samples collected over granite 

of the Palaeogene Mourne Mountains Complex.

The dominant feature in the regional distribution of Pt occurs over basalt lava 

of the Palaeogene Antrim Lava Group on the Antrim Plateau, where concentrations 

are uniformly high (>0.7 μg/kg). Zones of consistently high concentrations 

(2–6 μg/kg) occur over the Lower Basalt Formation in east Co. Antrim and along 

the western edge of the Antrim Plateau in Co. Londonderry. Such concentrations 

of Pt are consistent with published whole-rock data for Pt in ocean island basalts 

and continental flood basalts derived from deep mantle plumes (Crocket, 2002). 

(Similar concentrations of Pt were also found in PGE-rich Palaeogene continental 

flood basalts in East Greenland (Momme et al., 2002), which, like those in Northern 

Ireland, were also extruded during continental break-up associated with the 

Iceland mantle plume).

It is unclear whether the apparent zonation in Pt concentrations over the 

outcrop of the Antrim Lava Group reflects variation in basalt geochemistry or is 

related to the masking effect of superficial deposits, with lower concentrations 

recorded where they are thickest. However, it is interesting that the highest 

concentrations of Pt (and Cr, Ni) over the Upper Basalt Formation occur northwest 

of the Tow Valley Fault, becoming progressively higher towards the western 

edge of the Antrim Plateau where the Lower Basalt Formation is thin or absent. 

Previous studies have indicated that the Upper Basalt Formation in this area 

was derived from an undepleted mantle source (Lyle, 1988). The Causeway 

Tholeiite Member in north Co. Antrim formed after eruption of the Lower Basalt 

Formation had ceased and is clearly associated with lower Pt concentrations 

(<0.5 μg/kg) than the overlying Upper Basalt Formation or than is typical of the 

Lower Basalt Formation.

anthropoGenic FactorS
Elevated Pt concentrations in stream sediments from sample sites adjacent to 

urban areas, notably the southern margins of Belfast, and around Cookstown, 

Bangor and Newtownards indicate that anthropogenic contamination has strongly 

influenced the Pt distribution in these areas.
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Potassium Oxide (K2O)

Statistics

Samples 5874

Mean 1.97

Minimum 0.04

Median 2.04

Maximum 5.94

Std Deviation 0.99

Range 5.90

Minimum detectable value 0.01

Potassium (K2O)

Stream Sediments

-150 μm Fraction

XRF-WD

General diStribution
Potassium Oxide (K2O) concentrations vary between <0.3% and 6%. The median 

value is 2.0% and the interquartile range 1.2–2.6%. The regional distribution of K2O 

shows strong geological control, generally reflecting the presence of K-bearing 

clay minerals and feldspar. The highest concentrations occur over metasediments 

of the Dalradian successions in the Sperrin Mountains and north Co. Antrim, with 

values typically ranging from 2.2– >5%, and including the highest concentration 

(5.94%) recorded across the sample region. High K2O is also seen over granite of 

the Palaeogene Mourne Mountains Complex. The Lower Palaeozoic rocks of the 

Southern Uplands-Down-Longford Terrane in Counties Armagh and Down yield 

moderate to high K2O concentrations (1.4–3.6%). Generally lower concentrations 

occur over Devonian and Carboniferous successions in Counties Fermanagh and 

Tyrone. The lowest K2O concentrations occur over the Antrim Lava Group on the 

Antrim Plateau in topographically high areas, with background concentrations 

mostly <1.0%.

diStribution over MetaSediMentary rockS
The outcrop of Moinian and Dalradian successions in west Co. Tyrone and the 

Sperrin Mountains displays the highest (2.5– >5.0%) K2O concentrations observed 

throughout Northern Ireland, an indication of a universally high K-feldspar and mica 

content. In particular, psammite and semipelite of the Dart and Glenelly formations 

in the Sperrin Mountains and the Glendun and Murlough Bay formations in 

northeast Co. Antrim yield mean K2O concentrations in excess of 3.0%. Whilst 

it is generally not possible to clearly identify lithologically controlled features, 

concentrations in the Ballykelly Formation in Co. Londonderry appear to be slightly 

lower (1.2–3.9%) than in the adjacent Claudy Formation to the south.

Some localised K2O enhancement in an area about 2 km south of 

Newtownstewart is associated with elevated Ba, Zn and Pb, and may reflect 

evidence of metalliferous mineralisation.

High K2O values over the Moinian Lough Derg Group in the Lough Derg Inlier, 

near Belleek in west Co. Fermanagh, are associated with high Ba and reflect the 

feldspar and mica content of late-stage pegmatites in this area.

diStribution over SediMentary rockS
K2O concentrations over the Lower Palaeozoic tracts of the Southern Uplands-

Down-Longford Terrane in Counties Armagh and Down are generally moderate 

to high, ranging from 1.5–3.0%. There is little immediate lithological variation 

apparent between greywacke sandstone of the Gala and Hawick groups. 

Within the Gala Group, there is a continuous northeast-southwest band of K2O 

enrichment (2.0–3.6%) in the tracts from Gala 5 to Gala 7+2 with more widespread 

enhancement typical over their southwest continuation into south Co. Armagh. 

This may reflect a more clay-rich component within these tracts and also the 

possibility of outcrops of the Moffat Shale Group at the faulted tract margins.

A cluster of samples yielding high K2O occurs around Ardglass, in southeast 

Co. Down. Concentrations of 3.3–4.1% occur in association with high B, Rb and 

Ga values and indicate the presence of clay-rich sediments. Over the Devonian 

and Carboniferous outcrop in Counties Fermanagh and Tyrone, some lithological 

control over K2O distribution can be seen, particularly between formations 

dominated either by sandstone or by limestone. The maximum K2O concentration 

of 5.94% occurs over the outcrop of the Omagh Sandstone Group, about 1.5 km 

northwest of the Ulster-American Folk Park in Omagh.

The Devonian Shanmullagh Formation is identified by high to very high 

K2O concentrations (2.3–4.1%) and, occurring in conjunction with very high 

Ba, is a reflection of its high K-feldspar and mica content. The Shanmaghery 

Sandstone and the contemporaneous Gortfinbar Conglomerate Formations 

display much lower K2O values (1.3–2.9%), which may indicate a more quartz-

rich sedimentology.

K2O enrichment is also seen over the outcrop of the early Carboniferous 

Mullaghmore Sandstone Formation in north Co. Fermanagh and west Co. Tyrone, 

where a greater proportion of the formation is composed of shale, and clay 

minerals such as illite are the probable source. Moderate to high values are seen 

over the outcrop of the Ballinamallard Mudstone Formation which crops out 

between the Killadeas-Seskinore Fault to the north, and the Tempo-Sixmilecross 

Fault to the south. The outcrop of the early Carboniferous Ballyness Formation, 

straddling the county boundary between Fermanagh and Tyrone, northwest of 

Fivemiletown, displays high to very high K2O concentrations (2.3–4.9%).

Over the remaining Carboniferous outcrop in Northern Ireland, K2O 

concentrations are generally lower, particularly over limestone-dominated 

formations.

Anomalously high K2O values over Sherwood Sandstone Group rocks near 

Cookstown are not repeated over the same unit cropping out to the south of 

Dungannon. In this area, it is considered likely that the provenance of alluvial 

sedimentary detritus is a major factor influencing K2O distribution.

diStribution over iGneouS rockS
Concentrations of K2O over the early Ordovician Tyrone Volcanic Group are low 

to moderate, clearly separating the Group from the outcrop of Dalradian rocks 

to the northeast of the Omagh Thrust Fault. A single-point (4.97%) K2O anomaly 

on the faulted boundary between the Tyrone Volcanic Group and psammite of 

the putative Moinian Corvanaghan Formation, approximately 2 km southwest 

of Creggan in central Co. Tyrone, is coincident with high B, Ga and Rb and is 

probably a result of a single clay-rich sample.

Over the early Ordovician Slieve Gallion granite pluton, high to very high K2O 

(2.7–4.3%) concentrations are seen. In conjunction with anomalously high Ba, this 

reflects the enhanced K-feldspar and mica content of the granite. Granite of the 

Palaeogene Mourne Mountains Complex displays similarly elevated K2O levels, 

whilst concentrations over the Slieve Gullion Complex in south Co. Armagh are 

significantly lower, with values typically <2.0%. Concentrations over granodiorite 

of the late Caledonian Newry Igneous Complex are generally moderate to high, 

with no characteristic features evident.

K2O concentrations over the Palaeogene Antrim Lava Group in Counties 

Antrim and Londonderry are low to very low, with the lowest values (generally 

<0.5%) occurring over the Glens of Antrim, on the east side of the Antrim Plateau. 

Moderate to slightly enhanced concentrations of K2O occur in the Bann Valley 

and along the north coast of Co. Antrim, most probably as a result of feldspathic 

detritus within the superficial deposits of Recent alluvium and glaciofluvial sand 

and gravel.

anthropoGenic FactorS
There are no significant anthropogenic factors which influence the distribution 

of K2O in stream sediments.
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Selenium (Se)

Statistics

Samples 5874

Mean 0.60

Minimum 0.10

Median 0.40

Maximum 30.20

Std Deviation 0.70

Range 30.10

Minimum detectable value 0.20

Selenium (Se)

Stream Sediments

-150 μm Fraction

XRF-WD

General diStribution
Selenium (Se) typically has a very low concentration in stream sediments, such 

that approximately 75% of samples fall below the detection limit of 0.9 mg/kg. 

The distribution of Se anomalies reflects the siderophile and chalcophile nature 

of this element and its affinity for organic matter.

High concentrations of Se (1.5–9.9 mg/kg) occur over the outcrop of the 

early Carboniferous Glenade Sandstone Formation on Cuilcagh Mountain, most 

probably reflecting enrichment in an organic-rich black-shale environment such 

as characterizes the overlying Carraun Shale and Dergvone Shale formations. 

Unexpectedly high Se values (1.5–5.5 mg/kg) occur over granite of the Palaeogene 

Mourne Mountains Complex and may indicate enrichment in sulphide minerals 

deposited from late-stage hydrothermal fluids and or gases. An area of elevated 

Se values around the northern margin of the Eastern Mournes Centre extends 

northwards onto the outcrop of the host greywacke sandstone of the Lower 

Palaeozoic Hawick Group and is associated with anomalous concentrations 

of other metals (for example Pb, Zn and As), indicating possible enrichment in 

sulphide mineralisation. Locally elevated concentrations over Lower Palaeozoic 

Gala Group tracts in the Southern Uplands-Down-Longford Terrane probably 

reflect the presence of black mudstone of the Moffat Shale Group. Prominent 

anomalies over Hawick Group rocks in a northeasterly trending area between 

Dundrum and Strangford in Co. Down are less readily explained. Many substantial 

Se anomalies (1.5–12.4 mg/kg) are associated with very high Fe concentrations, as 

in the Killeter area of west Co. Tyrone, and probably reflect co-precipitation with 

secondary, hydrous Fe-oxides in the stream environment. There is little evidence 

of any anthropogenic control on the distribution of Se in stream sediments.

diStribution over MetaSediMentary rockS
Se concentrations in stream sediments from the outcrop of the Moinian and 

Dalradian rocks in the west of Northern Ireland are routinely below 0.9 mg/kg and 

there are no significant anomalies above this threshold that can be confidently 

attributed to a geological source. This is consistent with the acknowledged volatility 

of Se and loss during metamorphic processes. Elevated Se concentrations (up 

to 6.6 mg/kg) over the Moinian Lough Derg Group in the Lough Derg Inlier, in 

west Co. Fermanagh, are attributed to secondary enrichment in the stream 

environment through co-precipitation with hydrous iron oxides or manganese 

oxides, or sorption onto organic material in this low-pH, peat-covered terrain.

The most prominent zone of anomalous Se over the Dalradian outcrop is 

located in the Killeter area of west Co. Tyrone, where concentrations frequently 

fall in the range 1.5–12.4 mg/kg. Here, also, high Fe concentrations in stream 

sediments and persistent peat cover suggest secondary enrichment of Se in 

the stream environment. Similar patterns are evident for As and Mo. A further 

substantial anomaly of 9.2 mg/kg, located west of Dunnamanagh in northwest 

Co. Tyrone, is attributed to similar processes.

There are no features of note in the Se distribution over the Dalradian outcrop 

in northeast Co. Antrim.

diStribution over SediMentary rockS
Baseline Se concentrations mostly fall below 0.9 mg/kg over the Lower Palaeozoic 

outcrop in the Southern Uplands-Down-Longford Terrane in Counties Down and 

Armagh, although there are a number of anomalous zones that apparently depict 

geologically enriched sources of the element. An extensive area of enhanced values 

(1.2–2.1 mg/kg) occurs northeast of the Palaeogene Eastern Mournes Centre over 

Hawick Group rocks and is associated with highly elevated concentrations of 

other chalcophile elements (for example As, Pb and Zn). It appears likely that 

Se has been concentrated in sulphide phases during mineralisation processes 

in this area.

A zone of high Se concentrations (up to 4.7 mg/kg) extends to the northeast 

across Hawick Group lithologies from Dundrum to Strangford in southeast 

Co. Down. This feature is not readily explained, with no indications of sulphide 

mineralisation or the presence of black of black shale lithologies, or any evidence 

of secondary co-precipitation in the surface environment with iron oxides. 

However, many of the streams in this low-lying, flat, boggy terrain are slow flowing 

and contain organic-rich, anoxic sediment. It is possible that while Se may be 

mobile over the calcareous lithologies of the Hawick Group, it may have become 

immobilised and highly enriched locally, in organic-rich stream environments. 

Small zones of moderate Se enrichment (1.2–2.1 mg/kg) in stream sediments 

over Gala Group rocks, for example northeast of Ballynahinch in Co. Down, are 

typically associated with elevated concentrations of elements such as Mo and U 

and probably indicate the presence of trace-element enriched black mudstone, 

most likely in the outcrop of the Moffat Shale Group.

No features of interest are observed in the Se distribution over the outcrop of 

Devonian sedimentary rocks where concentrations are uniformly <0.9 mg/kg. The 

Carboniferous rocks of Counties Fermanagh, Tyrone and Armagh are associated 

with more variable Se concentrations, with high values commonly related to 

organic-rich black mudstone within the early Carboniferous successions. In 

common with Mo and U, which also are often concentrated in an organic-

rich black-shale environment, a cluster of consistently highly elevated Se 

concentrations (1.5–9.9 mg/kg) occurs over the Glenade Sandstone Formation 

in the upper catchment of the Cladagh River on Cuilcagh Mountain, indicating the 

presence of organic-rich mudstone in the overlying Carraun Shale and Dergvone 

Shale formations on the Mountain. The locality with the highest Se concentration 

observed during the survey (30.8 mg/kg) is located over knoll limestone of the 

Knockmore Limestone Formation a few kilometres to the north on the north slope 

of Cuilcagh Mountain. The sample also contains 80 mg/kg of U and is thought to 

reflect localised extreme secondary concentration of Se in anoxic, organic-rich 

stream sediment.

Prominent zones of above background Se values are associated with other 

early Carboniferous formations dominated by mudstone and limestone in Counties 

Fermanagh and Armagh. It appears that where argillaceous, Se-enriched 

lithologies are in close proximity to limestone, widely fluctuating concentrations 

of Se may result in the surface environment, with generally enhanced mobility 

in oxidising alkaline conditions over the Se-poor limestones but with significant 

local immobilisation and concentration occurring in the stream environment under 

anoxic, organic-rich conditions.

There are no identifiable features of note in the Se distribution over Mesozoic 

rocks, with values routinely below detection (<0.9 mg/kg).

Elevated Se concentrations (up to 2.7 mg/kg) are detected over the Palaeogene 

(Oligocene) Lough Neagh Group east of Dungannon in Co. Tyrone.

diStribution over iGneouS rockS
Se concentrations are typically below detection level over all Lower Palaeozoic 

igneous rocks. Higher values (up to 2.7 mg/kg) occurring over lavas of the early 

Ordovician Tyrone Volcanic Group, near Creggan in Co. Tyrone, are associated 

with exceptionally high Fe concentrations and are considered to reflect secondary 

enrichment of Se in the surface environment through co-precipitation with 

Fe-oxides.

Basalt lava of the Palaeogene Antrim Lava Group on the Antrim Plateau 

in Counties Antrim and Londonderry provide an extensive area of low-Se 

(<0.9 mg/kg) baseline. Isolated anomalies in northeast Co. Antrim over the Upper 

Basalt Formation are also thought to reflect co-precipitation or sorption with 

secondary hydrous iron oxides rather than bedrock geochemistry.

A particularly interesting feature of the Se distribution is the extensive 

zone of higher values associated with both the Eastern and Western Mournes 

centres of the Palaeogene Mourne Mountains Complex. Concentrations are 

commonly in the range 1.5–5.5 mg/kg over the granite. There is no evidence 

to suggest that secondary surface-environment processes are responsible for 

these concentrations and it is possible that Se, a volatile element, has been 

concentrated in fluids and gases trapped within the magma and has precipitated 

out at a late stage, most likely as, or within, sulphide minerals. The Se distribution 

over the Mourne Mountains most closely mimics that of Mo.

anthropoGenic FactorS
Se is not significantly affected by point-source site contamination, reflecting its 

rare use in manufacturing processes compared with metals. There is no evidence 

of elevated Se around the major urban centres or at sites where contamination 

was observed.
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Tin (Sn)

Statistics

Samples 5865

Mean 3.60

Minimum 0.50

Median 2.00

Maximum 404.90

Std Deviation 9.60

Range 404.40

Minimum detectable value 0.50

Tin (Sn)

Stream Sediments

-150 μm Fraction

XRF-ED

General diStribution
Approximately 50% of the analysed stream sediment samples contain Tin (Sn) 

concentrations below the detection limit of 2.0 mg/kg. Systematic differentiation 

between the major lithostratigraphical units is therefore not possible. However, 

baseline concentrations are evidently strongly enhanced (>20 mg/kg) over the 

Palaeogene Mourne Mountains Complex. Moderately elevated values (2–8 mg/kg) 

are associated with other granite intrusions and with the outcrop of part of the 

Dalradian succession in west Co. Tyrone. Many anomalously high Sn values 

are directly related to anthropogenic activity, including an extensive zone of 

elevated values (5–20 mg/kg) on the southern margins of Belfast and in the 

Lagan Valley.

diStribution over MetaSediMentary rockS
Numerous isolated anomalies, attributable to anthropogenic activity and 

subsequent sample site contamination, punctuate a background of <2 mg/kg 

Sn over most of the Moinian and Dalradian outcrop.

The exception to this pattern is a notable area of elevated Sn levels (3–8 mg/kg) 

in west Co. Tyrone, north and west of Killeter. In this area the outcrop of the 

Argyll Group in particular also shows coincident elevated concentrations of other 

incompatible elements (U, Th, Y, La and Ce), suggesting that this part of the 

Dalradian depositional basin received a higher proportion of detrital granitic 

material compared to other parts of that basin.

diStribution over SediMentary rockS
There are no patterns within the Sn distribution that can be related to specific 

lithological characteristics of any of the major sedimentary formations. Baseline 

values are <2 mg/kg over all sedimentary rocks except where affected by sample 

site contamination or, as in south Co. Down, by processes related to emplacement 

of, or physical dispersion from, the Palaeogene Mourne Mountains Complex.

Elevated background concentrations of 5–20 mg/kg Sn over the outcrop of 

the Lower Palaeozoic Hawick Group which surrounds, and is host to, the Mourne 

Mountains Complex reflect the influence of physical dispersion of granite detritus 

containing Sn-enriched resistate accessory minerals in these areas.

The highest Sn concentration (405 mg/kg) is located 1 km north of the granite 

margin, approximately 5 km west of Newcastle in Co. Down over greywacke 

sandstone of the Hawick Group in a stream that directly drains an apparently 

Sn-rich granite of the Eastern Mournes Centre. Such a high Sn concentration may 

reflect late stage Sn-mineralisation extending into country rock. Highly elevated Sn 

concentrations over the Hawick Group outcrop south of the Mourne Mountains 

Complex, near Kilkeel reflect the influence of anthropogenic contamination as 

well as transported granite detritus.

diStribution over iGneouS rockS
Weakly elevated baseline concentrations (3–8 mg/kg) are detected over the early 

Ordovician Slieve Gallion granite pluton in southeast Co. Londonderry, consistent 

with the enrichment of Sn in accessory minerals during granite fractionation. 

Slightly higher values occur over the Tyrone Volcanic Group, to the southwest 

of Slieve Gallion. These are associated with extremely high iron concentrations, 

indicating that stream sediment Sn values may reflect sorption onto secondary 

iron oxides rather than bedrock enrichment of the element.

Stream sediment values over the late Caledonian Newry Igneous Complex 

are typically in the range 3–15 mg/kg. This is considered to be an artificially high 

baseline because of both anthropogenic contamination and dispersion of Sn-

enriched detrital material from the nearby Palaeogene Mourne Mountains and 

Slieve Gullion complexes. However, baseline concentrations over granodiorite 

of the Newry Igneous Complex are evidently higher (>3 mg/kg) than over Gala 

Group sediments to the north (predominantly <3 mg/kg).

The most striking feature of the regional Sn distribution is the strong enrichment 

over Palaeogene granite of the Mourne Mountains Complex. Concentrations over 

both the Eastern Mournes and the Western Mournes centres are generally in the 

range 30–70 mg/kg, consistent with the incompatible behaviour of the element 

in magma genesis and its likely presence in accessory minerals such as sphene, 

zircon, ilmenite, and cassiterite in the granite. Extremely high concentrations of 

339 mg/kg towards the northern margin of the Eastern Mournes Centre and 

405 mg/kg further downstream in the same catchment, over country rocks 

of the Hawick Group, indicates the potential for some late stage hydrothermal 

Sn mineralisation associated with granite emplacement. Highly anomalous Mo 

and W concentrations also occur along the northeast margin of the Eastern 

Mournes Centre.

All detectable Sn concentrations over basalt lava of the Palaeogene Antrim 

Lava Group are thought to reflect either anthropogenic contamination or 

secondary enrichment in samples containing a high proportion of organic matter 

or iron oxide coatings.

anthropoGenic FactorS
Sn is present in many manufactured goods, especially metallic, glass and ceramic 

artefacts, and the regional distribution of Sn in stream sediments is very sensitive 

to anthropogenic activity. Most of the major Sn anomalies, with the exception 

of those associated with granite of the Mourne Mountains Complex, are directly 

related to sample site contamination. This includes isolated anomalies located 

near Garrison (99 mg/kg), Lough Bradan (107 mg/kg) and Belleek (61 mg/kg) in 

Co. Fermanagh; more extensive zones of elevated values near Limavady, Coleraine 

and Portrush in Co. Londonderry; anomalies near Aldergrove (250 mg/kg), 

Broughshane (68 mg/kg) and Armoy (44 mg/kg) in Co. Antrim; near Aughnacloy 

(23.5 mg/kg) in Co. Tyrone and near Milltown (40 mg/kg) and Mountsorrel 

(25 mg/kg) in Co. Armagh. A wide zone of elevated Sn values (5–20 mg/kg) to 

the south of Belfast and along the Lagan Valley is also attributed to numerous 

point-sources of contamination at sample sites close to urban areas.
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Uranium (U)

Statistics

Samples 5874

Mean 3.46

Minimum 0.25

Median 2.30

Maximum 522.00

Std Deviation 10.26

Range 521.75

Minimum detectable value 0.50

Uranium (U)

Stream Sediments

-150 μm Fraction

XRF-WD

General diStribution
Uranium (U) concentrations, in stream sediments, range over three orders of 

magnitude; the median concentration is 2.3 mg/kg and the interquartile range 1.4–

3.0 mg/kg. Some 10% of samples fall below the detection limit of 0.6 mg/kg. The 

regional distribution of U across Northern Ireland is dominated by the occurrence 

of igneous rocks, delineating areas of both very high and very low concentrations. 

The highest regional concentrations encountered in stream sediments occur 

over granite of the Palaeogene Mourne Mountains Complex. High to very high 

concentrations are also seen over the Palaeogene Slieve Gullion Complex and 

the late Caledonian Newry Igneous Complex, whilst the lowest concentrations 

are evident over the Palaeogene Antrim Lava Group of Co. Antrim and east 

Co. Londonderry, where many values fall below the 0.6 mg/kg lower limit of 

detection. Distribution of U over the outcrop of metasedimentary and sedimentary 

rocks in Northern Ireland generally reflects the abundance of accessory minerals 

such as zircon, allanite and monazite. Concentrations are variable (1–15 mg/kg), 

with very little distinction apparent between lithostratigraphical units. The Lower 

Palaeozoic rocks of the Southern Uplands-Down-Longford Terrane in Counties 

Armagh and Down yield moderate to high U concentrations, with some zonation 

of individual tracts of the Gala Group and a high U halo over Hawick Group rocks 

around the margin of the Mourne Mountains Complex.

diStribution over MetaSediMentary rockS
The outcrop of Moinian and Dalradian rocks display very variable U concentrations, 

with values ranging from below the detection limit to 14.5 mg/kg. In west 

Co. Tyrone, an area of high U concentrations (3.3–17.7 mg/kg), in conjunction 

with high P2O5, Y, La, Th and Ce occurs over the outcrop of Dalradian rocks of 

the Claudy, Mullyfa, Aghyaran, and Lough Mourne Grit formations. This particular 

association with rare earth elements (REE’s) indicates enrichment in accessory 

minerals such as monazite and allanite, in which the U is frequently concentrated. 

Numerous sporadic high U anomalies occurring over Moinian and Dalradian rocks 

display similar REE associations.

diStribution over SediMentary rockS
U concentrations over the Lower Palaeozoic outcrop in Counties Armagh and 

Down are generally moderate to high, ranging from 1.8–13.0 mg/kg, with little 

evidence of lithological variation between greywacke sandstone of the Gala and 

Hawick groups. Within the Gala Group, there is a continuous northeast-southwest 

oriented band of relative enrichment including the tracts between Gala 5 and 

Gala 7+2 and is concurrent with enhanced K2O concentrations, indicating the 

occurrence of K-feldspar clay-rich sediments. Frequent, isolated high U anomalies 

also occurring in this area reflect the presence of outcrops of the Moffat Shale 

Group along the fault-bounded tract boundaries.

Very high U values, including the maximum recorded in stream sediments 

of 522 mg/kg, are seen over rocks of the Hawick Group in close proximity to 

the margins of the Mourne Mountains Complex. A combination of secondary 

concentration of U, as a result of hydrothermal activity associated with granite 

emplacement, and mechanical downstream dispersion of granite detritus is 

responsible for this U halo.

Over the outcrop of Devonian and Carboniferous rocks in Counties 

Fermanagh and Tyrone, very little lithological control over U distribution can 

be seen. Numerous single-point high-U anomalies occur throughout the 

successions, generally attributable to the presence of secondary minerals. Three 

such anomalies observed over the Devonian Gortfinbar Conglomerate Formation 

occur in association with very high Ba in addition to REE’s, and may reflect the 

inclusion of U-bearing secondary minerals within baryte cement reported in this 

area (Wilson, 1972). No significant regional trends can be seen but it does appear 

that, within units, anomalies tend to follow a general northeast-southwest strike-

parallel trend which may represent changes in depositional environment.

A small cluster of high values over the combined outcrop of the early 

Carboniferous Carraun Shale and Dergvone Shale formations on Cuilcagh 

Mountain, and the Glenade Sandstone Formation in the vicinity of Belcoo in 

southwest Co. Fermanagh, yield U values in the range 4.1–79.9 mg/kg. Coincident 

high Mo (up to 24.4 mg/kg), Se (up to 30.2 mg/kg) and Sb (up to 10 mg/kg) are 

typical of enhancement in an organic-rich black-shale environment.

Two samples collected over the Palaeogene (Oligocene) Lough Neagh 

Group, approximately 7 km east-southeast of Dungannon in Co. Tyrone, contain 

U concentrations up to 15.9 mg/kg. The high organic content of the sediment 

recorded here is the most likely cause of enhanced U concentrations. No other 

notable features occur over Cenozoic and Mesozoic rocks.

diStribution over iGneouS rockS
U concentrations over the early Ordovician Tyrone Igneous Complex are low to 

moderate, reflecting the basic nature of these rocks. Over the four granite plutons 

at Beragh (5.1 mg/kg), Carrickmore (4.9 mg/kg), Pomeroy (14.9 mg/kg) and Slieve 

Gallion (41.0 mg/kg), high to very high U concentrations are seen. The range of U 

concentrations over the petrographically similar granites may reflect the variable 

thickness of the superficial deposits covering each of the granites, with Slieve 

Gallion giving the only true bedrock signature.

Very high U concentrations characterise granite of the Palaeogene Mourne 

Mountains Complex, with values ranging from 10.8–262 mg/kg. The highest 

values are generally recorded over fine-grained portions of the G2 component 

of the Eastern Mournes Centre and the G4 component of the Western Mournes 

Centre. U concentrations over the Palaeogene Slieve Gullion Complex in south 

Co. Armagh are noticeably lower, with values typically between 4.8–33.2 mg/kg. 

Over the late Caledonian Newry Igneous Complex, U values are high to very high 

(2.8–59.5 mg/kg), particularly at its contact with the Slieve Gullion Complex, where 

naturally enhanced background concentrations over granodiorite of the Newry 

Igneous Complex are augmented by dispersal of detritus from the granite body. 

No differentiation can be made between its three overlapping plutons on the basis 

of U distribution. In comparison, slightly lower U concentrations (4.6–11 mg/kg) 

at the northeast end of the Complex characterise the Ultramafic-Intermediate 

Complex.

High U values also occur over the centre of the Palaeogene Tardree Rhyolite 

Complex in central Co. Antrim. A dispersion trail extending for several kilometres 

to the northwest of the Complex over the surrounding outcrop of the Lower 

Basalt Formation, follows the general direction of ice flow during the Last Glacial 

Maximum. Concentrations over the outcrop of the Palaeogene Antrim Lava 

Group in Counties Antrim and Londonderry are low to very low, with many values 

over the Glens of Antrim on the east coast of Co. Antrim and along the western 

edge of the Antrim Plateau below the lower limit of detection (0.6 mg/kg). Low to 

moderate concentrations of U observed in the Bann Valley and around the north 

coast of Co. Antrim most likely result from the accumulation of detrital U-bearing 

accessory minerals in the superficial deposits including Recent alluvium and 

glaciofluvial sand and gravel.

anthropoGenic FactorS
There are no significant anthropogenic factors influencing the distribution of U in 

stream sediments across Northern Ireland.
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Zinc (Zn)

Statistics

Samples 5874

Mean 160.1

Minimum 12.0

Median 129.9

Maximum 3161.5

Std Deviation 147.6

Range 3149.5

Minimum detectable value 1.30

Zinc (Zn)

Stream Sediments

-150 μm Fraction

XRF-WD

General diStribution
Zinc (Zn) concentrations range over three orders of magnitude; the median 

concentration is 130 mg/kg and the interquartile range 94–178 mg/kg. The 

distribution of Zn throughout Northern Ireland is strongly controlled by mineralisation 

and influenced by sample site contamination and anthropogenic activity. Few 

discernable regional patterns are observed and differentiation between major 

lithostratigraphical units is not possible. The highest Zn concentrations are 

associated with base metal mineralisation within Lower Palaeozoic rocks in 

south Co. Armagh and south Co. Down. A number of high Zn anomalies also 

occur within the Dalradian, again reflecting known mineralisation. The Palaeogene 

Antrim Lava Group in Co. Antrim typically yields moderate to slightly enhanced Zn 

concentrations (130–260 mg/kg). Overall, the Carboniferous and Devonian rocks 

display uniformly low Zn concentrations, typically in the range 5–100 mg/kg.

diStribution over MetaSediMentary rockS
Over the outcrop of Moinian and Dalradian successions in Counties Tyrone, 

Londonderry and Antrim the distribution of elevated Zn values is primarily 

associated with mineralisation. Baseline concentrations of 100–200 mg/kg are 

typical where mineralisation is not reported. Anomalously high Zn values (up to 

1524 mg/kg) occur within the Newtownstewart Formation, 5 km southwest of 

Newtownstewart in Co. Tyrone. Sphalerite, baryte and malachite mineralisation 

at the nearby Cashty locality has been previously recorded (Legg, 1985). High 

Zn concentrations, accompanied by high Ba and As, also extend north and west 

from this location. High Zn concentrations are also seen in a number of samples 

in the Sperrin Mountains, to the south of Claudy, with a distribution parallel to the 

outcrop of psammite and semipelite in the Dungiven Formation. High Ba, As and 

Pb concentrations also occur, indicative once again of a mineralised source.

diStribution over SediMentary rockS
The most extensive high Zn anomaly present in stream sediments occurs in the 

Southern Uplands-Down-Longford Terrane over the outcrop of Lower Palaeozoic 

greywacke sandstone of the Gala Group in Co. Armagh. The single highest value 

(3161 mg/kg) is encountered approximately 7.5 km east-southeast of Keady, 

the centre of the historic South Armagh-Monaghan Mining District. High-Zn 

concentrations, associated with high-Pb and Ba to the north and west of the 

southwest pluton of the late Caledonian Newry Igneous Complex, are typical of 

extensive base metal mineralisation reported from this area (Arthurs and Earls in 

Mitchell, 2004). Away from the mining centre, the Gala Group rocks of Counties 

Armagh and Down yield moderate to high Zn concentrations, mostly in the 

range 100–300 mg/kg. A small cluster of high Zn concentrations is present 

between Bangor and Newtownards, in north Co. Down, near to the former Conlig-

Whitespots mines. In addition to associated high Pb concentrations, enhanced 

Au values (6–52 μg/kg) are also present there.

Smaller scale anomalies occur over Hawick Group rocks, forming a high-Zn 

halo around the margin of the Palaeogene Mourne Mountains Complex. The likely 

source of Zn enrichment is through vein-hosted mineralisation associated with 

Palaeogene magmatic activity. Large tracts of Counties Fermanagh and Tyrone, 

underlain by Devonian and Carboniferous rocks, display very little variation in Zn, 

with concentrations predominantly low. However, the outcrop of the Mullaghmore 

Sandstone Formation, northeast of Lower Lough Erne, may be identified by low 

to very low Zn values.

Numerous single-point high-Zn occurrences over the outcrop of Palaeozoic 

rocks can be attributed to anthropogenic factors.

Mesozoic and Cenozoic lithologies display no features worthy of note.

diStribution over iGneouS rockS
A single-point high-Zn anomaly, in association with Ba (2844 mg/kg), As (40 mg/kg) 

and Au (12 μg/kg) is present within the early Ordovician Tyrone Igneous Complex. 

Very high concentrations of MnO (5.12%) and Fe2O3 (23.8%) in conjunction with 

boggy ground indicate that co-precipitation with secondary Mn and Fe-oxides 

is the probable cause of Zn enrichment.

The Palaeogene Slieve Gullion Complex in south Co. Armagh and the Mourne 

Mountains Complex display low to moderate Zn concentrations. Slightly elevated 

concentrations over the late Caledonian Newry Igneous Complex probably 

result from mineralisation associated with numerous dolerite and felsite dykes. 

Anomalously high Zn values occurring around the northeast margin of the 

Ultramafic-Intermediate Complex of the Newry Igneous Complex is accompanied 

by high MnO and Fe2O3, suggesting co-precipitation with secondary Mn and 

Fe-oxides. Sphalerite is also reported from the nearby Doolgen locality (GSNI 

mineral localities database).

Generally little variation in Zn concentrations can be seen over basalt lava of 

the Palaeogene Antrim Lava Group on the Antrim Plateau in Co. Antrim, where 

background levels span the interquartile range. Anomalously high Zn values, in 

association with Pb, As, Se, Cd, MnO and Fe2O3, are present over the Upper 

Basalt Formation near Dungonnell Dam, 17 km northeast of Ballymena. Several 

less extensive Zn anomalies occur along the western margin of the outcrop of 

the Upper Basalt Formation between Castlerock and Dungiven, and over higher 

ground between the Carnlough and Ballytober Faults, in east Co. Antrim. Very 

strong correlation with high concentrations of MnO and Fe2O3, and organic-rich, 

peaty soils indicate that co-precipitation with secondary Mn and Fe-oxides is the 

most probable source of Zn enrichment in these areas.

anthropoGenic FactorS
Zn is often encountered as a protective coating on other metals, particularly 

steel, and most commonly in galvanised fence wire and corrugated sheeting. 

Contamination of stream sediments by discarded metal objects and agricultural 

practices is common. Zn anomalies near Aldergrove, to the east of Lough Neagh; 

northwest and south of Lurgan, and to the northwest of Craigavon can all be 

directly attributed to contamination observed at site. Other anthropogenic factors 

such as dispersion of mine waste from historic mining sites will contribute towards 

more diffuse enhanced Zn concentrations.
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Aluminium (Al)
General diStribution
The natural abundance of Aluminium (Al) was greater than the analytical detection 

limit of 1.5 µg/l in all but 1% of samples. The interquartile range of 9.9–51 µg/l, 

with a median of 19 µg/l, is moderate in comparison with the overall data range 

covering four orders of magnitude. This median value is very close to the results 

from two separate, but similar scale surveys of Eastern England (median of 19 µg/l) 

and Wales (24 µg/l) by the British Geological Survey, as well as a lower density 

survey of Europe (median 18 µg/l) (Salminen et al., 2005).

The regional geochemistry of Al in Northern Ireland is directly controlled by 

geological and terrain factors. Anomalously low concentrations are observed 

in the area of Lecale and the southern part of the Ards Peninsula in southeast 

Co. Down, and in the Bann valley northwards from the low land around the 

periphery of Lough Neagh. Basalt lava of the Palaeogene Antrim Lava Group in 

east Co. Antrim and along the western outcrop in Co. Londonderry show very 

low Al concentrations. However, high concentrations of Al were measured over 

much of the outcrop of the Palaeogene Mourne Mountains Complex and the 

outcrop of Dalradian metasedimentary rocks in northeast Co. Antrim and in the 

Sperrin Mountains. Many areas with high concentrations of Al are associated with 

pH values <7 and unusually high levels of dissolved organic carbon, both factors 

being known to promote high concentrations of Al in solution.

diStribution over MetaSediMentary rockS
Streams flowing over the outcrop of the Moinian Lough Derg Group in the Lough 

Derg Inlier, near Belleek in west Co. Fermanagh, are generally associated with 

moderate Al concentrations. In contrast, Al concentrations over the outcrop of the 

Dalradian Supergroup in the Sperrin Mountains are high to very high with recorded 

median levels of 140 µg/l for the Dart Formation, 100 µg/l for the Glengawna 

Formation and 84 µg/l for both the Glenelly and Mullaghcarn formations. This 

region of anomalous Al concentrations extends northwards over the outcrop of 

the Ballykelly Formation where stream waters generally have a pH <7. Elevated Al 

concentrations are also typical of the Dalradian outcrop in northeast Co. Antrim, 

particularly over the Southern Highland Group (generally exceeding the overall 

dataset 90th percentile).

diStribution over SediMentary rockS
Stream waters flowing over the outcrop of Lower Palaeozoic rocks in the Southern 

Uplands-Down-Longford Terrane in Counties Armagh and Down consistently 

have moderate to low concentrations (i.e. below the overall dataset median), with 

a well defined area of negative anomaly over the outcrop of the Hawick Group in 

Lecale and at the southern end of the Ards Peninsula. The streams are generally 

associated with more base-rich waters, which would be expected to limit the 

natural solubility of Al. Isolated anomalies, such as close to Mayobridge in south 

Co. Down, appear to be associated with organic-rich, localised anthropogenic 

contamination.

The outcrop of Devonian rocks generally show a moderate abundance of Al 

in streams, with locally higher concentrations, such as the anomaly near Cloghfin 

in central Co. Tyrone, located within the outcrop of the Gortfinbar Conglomerate 

Formation.

Streams flowing over the Carboniferous outcrop in Northern Ireland have 

widely varying concentrations of Al, controlled by variations in geology and in 

the topography. In Co. Fermanagh, upland regions underlain by the Meenymore 

Formation and Glenade Sandstone Formation have the highest concentrations 

of Al (medians of 49 and 62 µg/l). The outcrop of more base-rich limestone 

formations in Counties Fermanagh and Armagh are associated with Ca-rich, 

well-buffered stream waters and have much lower Al concentrations (generally 

medians of <20 µg/l).

Outcrops of the Triassic Sherwood Sandstone and Mercia Mudstone groups 

have stream water compositions characterised by moderate Al concentrations 

(median values of 11 µg/l and 12 µg/l respectively).

Streams flowing over the Palaeogene (Oligocene) Lough Neagh Group clays 

show moderate Al concentrations (median 12 µg/l) with isolated local anomalies. 

Anomalies occurring over the outcrop located south of Lough Neagh may be 

associated with locally variable Eh-pH conditions in low-lying areas, and are also 

associated with high levels of dissolved organic carbon, which may complex the 

Al in solution.

diStribution over iGneouS rockS
The early Ordovician Tyrone Igneous Complex is generally associated with 

moderate Al concentrations (with the separate Tyrone Plutonic and Tyrone 

Volcanic groups having median values of 26 µg/l and 32 µg/l), although isolated 

high Al concentrations occur over both Groups.

The outcrop of the late Caledonian Newry Igneous Complex shows moderate 

concentrations of Al (median values of 15–25 µg/l), although concentrations were 

slightly more elevated in the area of Slieve Croob, at the northeast end of the 

Complex and west of Newry.

Streams over granite of the Palaeogene Mourne Mountains Complex have 

very high concentrations of Al. The concentrations appear to be most elevated 

over the higher parts of the mountains. These areas comprise unimproved rough 

grazing and open moorland where the low pH of the stream waters promotes the 

solubility of Al. Concentrations of Al are higher over the Mourne Plain, southeast 

of the mountains, than over the rest of the Hawick Group outcrop.

Basalt lava of the Palaeogene Antrim Lava Group on the Antrim Plateau in 

Counties Antrim and Londonderry show a wide variation in Al concentrations. 

Upland areas, such as at Collin Top in northeast Co. Antrim and the hills demarcating 

the western edge of the Plateau in Co. Londonderry have concentrations which are 

over the 75th percentile of the overall dataset, but which reach values >200 µg/l 

at Collin Top. These are coincident with lower pH values, enhancing the solubility 

of Al in stream waters. Over the central part of the Antrim Plateau, stream waters 

are associated with moderate concentrations of Al, becoming lower along the 

valley of the River Bann between Lough Neagh and the north coast of Co. Antrim, 

and in streams around the periphery of Lough Neagh.

SuperFicial depoSitS
The substantial thickness of peat in many upland areas of Northern Ireland 

may help to maintain lower pH values and higher dissolved organic carbon 

concentrations, thus enhancing the solubility of Al in these regions. Thick 

deposits of glacial till over the central part of the Antrim Plateau may moderate 

Al concentrations that occur over the outcrop of basalt lavas of the Palaeogene 

Antrim Lava Group, as noted above.

Statistics

Samples 5898

Mean 49.07

Minimum <1.50

Median 19.09

Maximum 2661.95

Std Deviation 90.88

Range 2660.45

Minimum detectable value 1.50

Aluminium (Al)

Stream Waters

ICP-MS
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Arsenic (As)

Statistics

East

Samples 3062

Mean 1.08

Minimum <0.05

Median 0.59

Maximum 24.40

Std Deviation 1.64

Range 24.46

Minimum detectable value 0.05

West

Samples 2836

Mean 1.35

Minimum <0.50

Median 0.95

Maximum 45.26

Std Deviation 1.92

Range 45.89

Minimum detectable value 0.50

See page 218 for box and whisker 

and historgram plots for Western 

sample locations as shown on 

page 29.

Arsenic (As)

Stream Waters

ICP-MS

General diStribution
The measurement of Arsenic (As) was subject to an improvement in detection limit 

between the periods of sampling in the western part of Northern Ireland (1990s) 

and in the eastern part (2005), which is significant in relation to the abundance of 

As in stream waters. As levels were below the detection limit in 17% of samples 

collected in the 1990’s survey (0.5 µg/l), whilst only 1% of the samples collected 

in the 2005 survey were below the detection limit of 0.05 µg/l. Importantly, over 

40% of samples in the 2005 survey had a concentration below 0.5 µg/l. To 

maintain the maximum information on the spatial distribution of As in the east, 

the data in the west have had their detection limit applied separately (coloured 

grey below the limit). All the data are plotted according to the percentile classes 

obtained from data in the east; the generally higher concentrations in the west 

result in larger areas in the ‘hot’ colours over the median than would otherwise 

be expected.

The median of the dataset in the 2005 survey was 0.59 µg/l, with an 

interquartile range of 0.28–1.3 µg/l. These data are somewhat lower than those 

measured during a survey in eastern England (median 1.3 µg/l) (British Geological 

Survey, Unpublished data), but are closer to the results of a pan-European study 

(median 0.63 µg/l) (Salminen et al., 2005).

The concentration of As in stream waters is strongly controlled by the bedrock 

geology and by the composition of the superficial deposits. High As concentrations 

occur over specific formations in the outcrop of the Dalradian Supergroup such 

as the Mullaghcarn Formation in the Sperrin Mountains and in the Lack Inlier and 

over Devonian and Carboniferous bedrock. The As is presumed to be derived 

from sulphide mineralisation. Systematically low As concentrations occur over the 

outcrop of granite of the Palaeogene Mourne Mountains Complex in southeast 

Co. Down and over the outcrop of basalt lava of the Palaeogene Antrim Lava 

Group on the Antrim Plateau in Co. Antrim and east Co. Londonderry.

diStribution over MetaSediMentary rockS
Since much of the outcrop of the Dalradian Supergroup lies in the western part 

of Northern Ireland, stream waters in this area were largely sampled in the 1990s 

survey, with As levels mainly below or close to the detection limit. Whilst data close 

to the detection limit are subject to greater analytical uncertainty (by definition), 

As concentrations over Dalradian metamorphic rocks appear to be generally 

elevated. Although systematically high As concentrations are characteristic of 

the outcrop of both the Mullaghcarn (median 1.9 µg/l) and Glengawna (2.5 µg/l) 

formations, the remainder of the Dalradian outcrop shows low As levels in 

comparison with the detection limit. In west Co. Tyrone south of Killeter, the 

outcrop of the Croaghgarrow and Mullyfa formations is also characterised by high 

As concentrations (median 4.2 µg/l and 2.7 µg/l). Over the Dalradian outcrop in 

northeast Co. Antrim, As concentrations are very high (in relation to the overall 

dataset), with values generally exceeding the 95th percentile over the Southern 

Highland Group with a median of 1.2 µg/l over the Altmore Formation.

diStribution over SediMentary rockS
Stream waters flowing over the outcrop of Lower Palaeozoic rocks in the Southern 

Uplands-Down-Longford Terrane in Counties Armagh and Down have As 

concentrations which are generally greater than the overall dataset median, and 

in some areas are systematically highly elevated in the context of this dataset. The 

background As concentrations over individual tracts appear to be in the range 

0.6–1.3 µg/l, in particular in the area west of Strangford Lough in east Co. Down. 

Concentrations are systematically elevated over the Ards Peninsula, increasing 

in the south. A region of high As concentrations (>3.5 µg/l) is found between 

Ballynahinch and Crossgar over the Rowreagh and Portavogie formations. An 

extensive area of anomalously high As occurs south and east of Banbridge and 

near the border with the Republic of Ireland south of Newtownhamilton and 

Crossmaglen. It is not clear if these anomalous areas reflect bedrock covered 

by only a thin veneer of superficial deposits, or whether they reflect inherent 

variations in the abundance and solubility of As in bedrock.

Streams flowing over the outcrop of the early Devonian Shanmullagh 

Formation in the Fintona Block in southwest Co. Tyrone were sampled in the 

1990s and show high concentrations of As (median 2.1 µg/l). It is not clear if 

the As levels reflect high bedrock concentrations, or near-surface conditions 

promoting As solubility. Streams flowing over the contemporaneous Gortfinbar 

Conglomerate Formation show a more moderate range of concentrations, with 

occasional high anomalies such as that found east of Garvaghy.

Over the outcrop of Carboniferous rocks that was sampled in the 1990s, 

stream waters generally show moderate concentrations below the detection limit 

or within the interquartile range. Exceptions to this are found in systematically 

elevated As levels in streams flowing over the Viséan Ballyshannon Limestone 

Formation (median 0.98 µg/l), and the adjacent outcrops of the Clogher Valley 

Formation.

The outcrop of Permian and Triassic rocks shows moderate As concentrations 

in stream waters, with a median of 0.97 µg/l over the early Triassic Sherwood 

Sandstone Group and 0.53 µg/l over the late Triassic Mercia Mudstone Group.

Streams flowing over the outcrop of the Palaeogene (Oligocene) Lough Neagh 

Group show high As concentrations in the area south of Lough Neagh, with lower 

concentrations in the outcrop in north Co. Antrim around Ballymoney. The area 

of high As concentrations extends south from Ballymoney over the outcrop of 

basalt lava of the Lower Basalt Formation, suggesting that Quaternary superficial 

deposits may be the source of As in these drainage systems.

diStribution over iGneouS rockS
Stream waters flowing over the early Ordovician Tyrone Igneous Complex were 

sampled in the 1990s and show largely moderate As concentrations, with the 

exception of an anomaly southwest of Draperstown in southeast Co. Londonderry, 

where concentrations reached a maximum of 14 µg/l.

The late Caledonian Newry Igneous Complex stream waters show As 

concentrations that are generally moderate, and contrast sharply with the outcrop 

of the surrounding Lower Palaeozoic Gala Group to the north. The lowest As 

concentrations are found over parts of the outcrop of the Igneous Complex around 

Slieve Croob and Slieve Gullion, and isolated higher concentrations occur, such 

as that east of Rathfriland.

The outcrop of granite of the Palaeogene Mourne Mountains Complex is 

characterised by moderately low As concentrations in stream waters (median 

of 0.25–0.42 µg/l over the different components of the Complex). These low 

concentrations extend over the outcrop of the Hawick Group, particularly 

southwest of Hilltown.

Stream water As concentrations over the outcrop of basalt lava of the 

Palaeogene Antrim Lava Group on the Antrim Plateau are generally low. Samples 

collected in the 1990s, along the eastern edge of the plateau, were below the 

detection limit, whilst the 2005 samples, collected over the remainder of the 

plateau, have particularly low concentrations along the valleys of the River Bann 

and River Main. Concentrations are recognisably more elevated over upland 

areas underlain by basalt lava of the Upper Basalt Formation, particularly in east 

Co. Antrim.
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Bicarbonate (HCO3)
General diStribution
Bicarbonate (HCO3) concentrations were found to vary by over five orders of 

magnitude across Northern Ireland, although the interquartile range (74–218 mg/l) 

was far more restricted, with an overall dataset median of 145 mg/l. This median 

concentration is far greater than that of data from Wales (52 mg/l) (British 

Geological Survey, 1999), an area dominated by the upland areas of base-poor 

Lower Palaeozoic strata, whilst it is less than that obtained of part of eastern 

England (median of 185 mg/l) (British Geological Survey, Unpublished data). The 

median value of the lower density, continental scale study of Europe (130 mg/l) 

(Salminen et al., 2005) is very close to that measured here.

There are strong lithological and topographical controls on HCO3 

concentrations in Northern Ireland. Base-poor lithologies, such as the Moinian 

and Dalradian successions and granite of the Palaeogene Mourne Mountains 

and Slieve Gullion complexes, have very low concentrations. Concentrations 

are lowest on areas of upland peat bog. The highest HCO3 concentrations are 

associated with limestone-dominated formations in the Carboniferous succession 

of lowland areas beside Upper and Lower Lough Erne and in the valleys of the 

River Blackwater and River Bann in Co. Armagh and Co. Tyrone.

diStribution over MetaSediMentary rockS
The concentration of HCO3 is generally low over Moinian and Dalradian 

successions. The lowest concentrations of HCO3 are associated with the 

Dalradian Lough Mourne Grit and Lough Esk formations around Killeter Forest, 

in northwest Co. Fermanagh and the Dart, Glenelly, Glengawna and Mullaghcarn 

formations in the Sperrin Mountains (median values <13 mg/l). Smaller areas of 

metamorphic bedrock, such as the Moinian outcrop of the Lough Derg Group 

in west Co. Fermanagh and the Corvanaghan Formation in the Central Inlier 

in Co. Tyrone, and the Dalradian Lack Inlier in west Co. Tyrone, all produce 

negative anomalies. In these areas HCO3 concentrations are generally <40 mg/l. 

Higher concentrations were measured on the flanks of upland areas where it 

is believed that the increased concentration may be associated with a greater 

biological productivity on soils of greater depth, which in turn may have been 

further enhanced by agricultural liming.

The Dalradian Murlough Bay Formation in northeast Co. Antrim has much 

higher concentrations than the rest of the Dalradian succession in this small inlier, 

with a median value of 100 mg/l, which may be related to other, more calcareous, 

formations contributing to stream water composition.

diStribution over SediMentary rockS
HCO3 concentrations vary greatly across the Lower Palaeozoic outcrop in the 

Southern Uplands-Down-Longford Terrane in Counties Armagh and Down. 

Moderate HCO3 concentrations (75–150 mg/l) predominate across the outcrop 

of the Gala Group with the exception of land flanking Strangford Lough, where 

concentrations can be twice that observed over the rest of the outcrop. Very high 

concentrations (generally >300 mg/l) occur over the Hawick Group outcrop in 

the southern part of the Ards Peninsula and in the Lecale district of southeast 

Co. Down. The higher levels of HCO3 present in these areas may also have 

originated from the sporadic cover of marine superficial deposits that remained 

after the last Glacial Maximum (McCabe and Dunlop, 2006). However, west of 

Dundrum concentrations are generally very low over the Hawick Group, especially 

in the low-lying land around the Mourne Mountains.

The outcrop of the Devonian Shanmullagh Formation of the Fintona Block in 

Co. Tyrone has moderately elevated HCO3 concentrations (190 mg/l), as does 

the putative Devonian Cross Slieve Group in the Cushendall-Cushendun area 

of northeast Co. Antrim. The outcrop of the Gorfinbar Conglomerate Formation, 

located in the Fintona Block south of the Tempo-Sixmilecross Fault, is a more 

siliceous formation, and as such has lower concentrations of HCO3 (median of 

110 mg/l).

The predominantly carbonate-rich Carboniferous succession in Northern 

Ireland generates very high concentrations of HCO3 in stream waters. This can 

be seen over the outcrop of the early Carboniferous Clogher Valley (median of 

270 mg/l), Ballyshannon Limestone (290 mg/l), Bundoran Shale (240 mg/l) and 

Maydown Limestone (330 mgl/) formations, where they form bedrock underlying 

low ground peripheral to Upper and Lower Lough Erne, in the valleys of the 

Colebrook and Blackwater rivers and the largely low-lying land bordering the south 

shore of Lough Neagh, in north Co. Armagh. Substantially lower concentrations 

are found over the outcrop of the Meenymore and Glenade Sandstone formations 

(median 100 mg/l and 70 mg/l respectively) where they form bedrock in areas of 

high ground in Co. Fermanagh.

Permian and Triassic successions in Northern Ireland, in places, contain 

abundant carbonate minerals, and the high concentrations of HCO3 seen over 

the outcrop of the Sherwood Sandstone Group (median of 280 mg/l) in Armagh 

may reflect this, although the regionally elevated concentrations may also indicate 

local glacial transport of Carboniferous carbonate-rich material. Concentrations 

are still elevated above the median of the overall dataset over the rest of the 

outcrop, but are somewhat lower than those of Co. Armagh.

The outcrop of the Palaeogene (Oligocene) Lough Neagh Group is 

characterised by moderately high concentrations (median of 220 mg/l) of HCO3 

over all areas of outcrop, reflecting the abundance of carbonate minerals within 

the sediments.

diStribution over iGneouS rockS
Streams flowing over the outcrop of the early Ordovician Tyrone Igneous Complex 

are noticeably low in HCO3, with median concentration of 70 mg/l. This may 

reflect the extensive and often thick cover of Quaternary glaciofluvial deposits 

that in places mask bedrock.

The late Caledonian Newry Igneous Complex is characterised by very 

uniform concentrations over the outcrop of the granodiorite plutons, close to 

its median values of 90–120 mg/l. As expected the exception is found in HCO3 

levels in streams flowing on the higher ground of Slieve Croob, which may reflect 

a combination of lithological and agricultural causes, as the land is unimproved 

rough grazing on moorland.

The outcrop of granite of the Palaeogene Mourne Mountains Complex is 

exceptionally low in HCO3 (with median values <7 mg/l, except for the outcrop 

of the G4 granite in the Western Mournes Centre with a median of 13 mg/l) and 

an apparent negative correlation between altitude and concentration. The more 

remote and higher parts of the Mourne Mountains are typically unimproved 

heather moorland used for rough grazing, and are unlikely to have undergone 

agricultural liming, which may explain more elevated concentrations on the lower 

slopes of the mountains.

The outcrop of basalt lava of the Palaeogene Antrim Lava Group on the Antrim 

Plateau in Co. Antrim and east Co. Londonderry generally shows moderate to 

highly elevated HCO3 concentrations. Whilst carbonate minerals are not part 

of the primary matrix of basalt lava, weathering of pyroxenes and plagioclase 

feldspars (and olivines) liberates Ca and Mg, thus creating carbonate equilibrium 

in secondary minerals. The highest HCO3 concentrations occur on lower land 

in the valleys of the River Bann and Bush River. Extremely low concentrations 

(<11 mg/l) are found in streams over the outcrop of the Upper Basalt Formation 

in northeast Co. Antrim and along the western margin of the Plateau in east 

Co. Londonderry. These areas are associated with very weakly mineralised, low 

pH waters, which are quite atypical of the rest of the outcrop of the Lower Basalt 

and Upper Basalt formations.

Statistics

Samples 5989

Mean 155.31

Minimum 1.22

Median 145.09

Maximum 1288.71

Std Deviation 104.84

Range 1287.49

Min. detectable value 0.0012

Bicarbonate (HCO3)

Stream Waters

Titration
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Calcium (Ca)

Statistics

Samples 5867

Mean 40.02

Minimum 0.22

Median 35.05

Maximum 276.00

Std Deviation 29.03

Range 275.78

Minimum detectable value 0.10

Calcium (Ca)

Stream Waters

ICP-AES

General diStribution
Calcium (Ca) concentrations are measurable in all stream water sampled, with an 

overall range of four orders of magnitude, an interquartile range of 19.7 mg/l to 

52 mg/l and a median of 35 mg/l. This is intermediate to the median concentration 

of 19 mg/l found in Wales (British Geological Survey, 1999) and that of 93 mg/l in 

an area of eastern England (British Geological Survey, Unpublished data). These 

variations reflect the relative abundance of readily soluble Ca-bearing phases in 

these regions. The median in Northern Ireland is very close to that of a European 

survey (median of 40 mg/l) (Salminen et al., 2005).

The distribution of Ca shows a strong relationship to the regional bedrock 

geology, with topographic control giving rise to anomalously low concentrations 

over high ground. These low concentrations are found over the outcrop of the 

base-poor Dalradian Supergroup in the Sperrin Mountains, over granite of the 

Palaeogene Mourne Mountains Complex in southeast Co. Down, and over the 

outcrop of basalt lava of the Antrim Lava Group on the Antrim Plateau, in the 

northeast part of Northern Ireland. Such low concentrations are unexpected 

over basalt lava, as these are enriched in Ca, relative to other lithologies. The 

systematically highest concentrations are observed over Ca carbonate-rich 

lithologies in the Carboniferous succession. High concentrations are also 

observed in streams over the Gala Group of the Ards Peninsula and the Hawick 

Group outcrop at the south end of the Peninsula and in the area of Lecale, in 

southeast Co. Down.

diStribution over MetaSediMentary rockS
Concentrations are generally low over the outcrop of metamorphic bedrock of the 

Moinian and the Dalradian Supergroup, with few samples having a concentration 

greater than that of the overall dataset median value. Median concentrations 

of 9.4 mg/l and 11 mg/l respectively occur in stream waters flowing over the 

Moinian outcrop formed by the Lough Derg Group, in west Co. Fermanagh and 

the Corvanaghan Formation, in the Central Inlier in Co. Tyrone. This reflects the 

predominance of Ca-poor metasedimentary lithologies in both successions. Ca 

concentrations in stream waters draining the outcrop of the Dalradian Supergroup 

are lowest over the highest parts of the Sperrin Mountains, with low median 

concentrations over the Dart (4.5 mg/l), Glenelly (5.7 mg/l), Glengawna (3.5 mg/l) 

and Mullaghcarn (8.0 mg/l) formations. Low stream water concentrations in 

the area of Killeter, in northwest Co. Fermanagh, are reflected in the median 

Ca concentration of 4.8 mg/l over the Aghyaran Formation. Much higher 

concentrations are seen over the Murlough Bay Formation in northeast Co. Antrim 

(35 mg/l), which may arise from drainage emanating from adjacent carbonate-

rich formations such as the Cretaceous Ulster White Limestone Formation. In 

northeast Co. Antrim, the outcrop of metamorphic bedrock of the South Highland 

Group has Ca levels closer to those in stream waters flowing from the Sperrin 

Mountains, with median values of 4.8–12 mg/l. The low concentrations of Ca that 

typify stream waters in upland areas reflect the absence of Ca-rich lithologies in 

the bedrock, high rainfall and the poor agricultural quality of such land that does 

not warrant improving, for example through the application of lime. The higher 

concentrations of Ca in the valley of the River Foyle in the area of Strabane, are 

likely to be as a result of the influence of Quaternary superficial deposits.

diStribution over SediMentary rockS
Streams over outcrop of Lower Palaeozoic bedrock of the Southern Uplands-

Down-Longford Terrane in western Co. Down and Armagh have concentrations 

close to the overall dataset median. In the east of Co. Down, the area around 

Strangford Lough has higher Ca in stream waters, generally >50 mg/l. The 

concentrations are elevated further over the Hawick Group outcrop in the south 

of the Ards Peninsula and Lecale, which exceed the 90th percentile of the overall 

dataset (80 mg/l). The elevated concentrations around Strangford Lough are not 

thought to be related to the nature of the Gala Group lithologies, which are base-

poor sediments, although the Hawick Group is more carbonate rich (Mitchell, 

2004), but may be related to the presence of marine Quaternary superficial 

deposits (McCabe and Dunlop, 2006) which would be expected to be more 

Ca-rich.

Devonian outcrops in the Fintona Block in Counties Tyrone and Fermanagh 

and in northeast Co. Antrim, between Cushendall and Cushendun have moderately 

elevated concentrations, with overall median values usually close to the dataset 

median. The exception to this is over the outcrop of the Shanmullagh Formation, 

which has a median value of 61 mg/l.

The outcrop of Carboniferous successions in Northern Ireland is associated 

with some of the most systematically elevated Ca concentrations. These occur 

principally over the outcrop of carbonate-rich lithologies that lie in lowland areas, 

such as the early Carboniferous Clogher Valley (median of 84 mg/l), Ballyshannon 

Limestone (99 mg/l), Bundoran Shale (83 mg/l), and Maydown Limestone 

(110 mg/l) formations. Lower concentrations that occur over the Carboniferous 

outcrop are associated with bedrock such as the Glenade Sandstone (median 

of 23 mg/l) and Meenymore (32 mg/l) formations that often are found in areas 

of higher ground.

The outcrop of Permian and Triassic bedrock has moderately elevated 

concentrations in the Lagan Valley, southwest of Belfast and along the east coast 

of Co. Antrim, whilst they are somewhat lower along the valley of the River Roe in 

east Co. Londonderry and are generally closer to the overall dataset median.

Stream waters flowing over the outcrop of the Palaeogene (Oligocene) Lough 

Neagh Group have higher concentrations over the outcrop located on the south 

shore of Lough Neagh (generally >80 mg/l), than those in the Ballymoney area 

of north Co. Antrim which are closer to the overall dataset median.

diStribution over iGneouS rockS
Streams crossing the outcrop of the early Ordovician Tyrone Igneous Complex 

show moderately low Ca concentrations (median of 17 mg/l), with very little 

variation.

The outcrop of granodiorite of the late Caledonian Newry Igneous Complex 

has consistently moderate Ca concentrations, with median values in the range 

22–29 mg/l. Lower concentrations were found over higher land around Slieve 

Croob at the northeast end of the Complex.

Stream waters flowing over the outcrop of granite of the Mourne Mountains 

Complex are clearly distinguished on the interpolated image by their very low 

concentrations of Ca (median of 1.0 to 2.5 mg/l for the various phases of intrusion), 

in comparison with the rest of the dataset. These low concentrations extend 

beyond the edge of the granite intrusion over the outcrop of the Hawick Group, 

in the aureole of the Western Mournes Centre. They extend from the southwest 

side of the Centre, in the area of Rostrevor and the valley of the Kilbroney River, 

northwards to Spelga Dam and the Hilltown area.

The outcrop of basalt lava of the Antrim Lava Group on the Antrim Plateau is 

associated with wide variations in stream water Ca concentrations. The lowest 

concentrations (<12 mg/l) are observed over higher ground underlain by the 

Upper Basalt Formation, in northeast Co. Antrim (e.g. Collin Top), and along the 

western edge of the Plateau in Co. Londonderry, particularly at Glenshane Forest. 

The highest concentrations are found in streams over the Causeway Tholeiite 

Member of the Interbasaltic Formation along the north coast, which has a median 

concentration of 49 mg/l. Moderate concentrations, between the median and 

75th percentile, are found across the central area of the Antrim Plateau and 

include the valleys of the River Bann and the Bush River. These more moderate 

concentrations may be associated with a thick cover of Quaternary superficial 

deposits, in particular glacial till, in which the clast content is dominated by 

blocks of basalt lava.
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Chloride (Cl)

Statistics

Samples 5885

Mean 20.32

Minimum <0.50

Median 17.74

Maximum 1075.57

Std Deviation 19.44

Range 1075.07

Minimum detectable value 0.50

Chloride (Cl)

Stream Waters

Ion chromatography

General diStribution
Concentrations of Chloride (Cl) vary by four orders of magnitude across Northern 

Ireland, although the interquartile range (12–24 mg/l) is very restricted, with an 

overall median of 18 mg/l. This is very close to the median concentration of data 

measured in Wales (15 mg/l) (British Geological Survey, 1999), but considerably 

lower than that of data from eastern England (50 mg/l) (British Geological Survey, 

Unpublished data). These comparisons reflect the relative abundance of evaporite-

rich lithologies and Quaternary and Recent marine deposits as the sources of 

higher Cl streams in the eastern England datasets.

Variations in the concentration of Cl in stream waters in Northern Ireland are 

strongly controlled directly and indirectly by the nature of the bedrock geology. 

As may be expected, the interpolated image shows a strong similarity in general 

trends to that of sodium. Low concentrations can be observed over the resistate 

lithologies which form much of the uplands of Northern Ireland and also are 

subject to the highest annual average rainfall. High concentrations are seen 

along the coastal areas, especially in low-lying regions. The high concentrations 

seen across the Lower Palaeozoic outcrop of Counties Down and Armagh in the 

sodium data are also observed for Cl.

diStribution over MetaSediMentary rockS
Cl concentrations are generally moderate to low over these lithologies. The lowest 

anomalies are associated with upland areas of peat-covered moorland in the 

Sperrin Mountains, where the median concentrations over the Dart, Glengawna 

and Glenelly formations are all <9 mg/l and, to a lesser extent, over the Dalradian 

outcrop in northeast Co. Antrim. Moderate concentrations, between the 25th and 

50th percentiles of the overall dataset, are observed over much of the rest of the 

outcrop of the Dalradian Supergroup, except in major river valleys such as the 

River Foyle in the area of Strabane, in northwest Co. Tyrone, where concentrations 

are higher (>18 mg/l).

diStribution over SediMentary rockS
Elevated concentrations occur over the outcrop of Lower Palaeozoic rocks in 

the Southern Uplands-Down-Longford Terrane in Counties Armagh and Down. 

The only exception is found in stream waters draining the northern flanks of the 

Mourne Mountains, close to Hilltown. A generally high background concentration 

(median value of 21–25 mg/l) over the entire Terrane is further enhanced by very 

high concentrations at isolated inland locations and along the Ards Peninsula in 

east Co. Down. Deposition from Strangford Lough and the open sea may have 

enhanced Cl concentrations on the Ards Peninsula. Additionally, there may be 

some influence from Cl-rich groundwater contained within the Quaternary marine 

superficial deposits that, in places, overlie bedrock around Strangford Lough 

(McCabe and Dunlop, 2006). Some isolated high concentrations may relate to 

rural point sources, such as septic tanks and agricultural effluent.

Concentrations are moderately elevated, in the context of this dataset, over 

the outcrop of the Devonian Shanmullagh Formation (median of 20 mg/l), in the 

Fintona Block in Counties Tyrone and Fermanagh. Also in the Fintona Block, 

the Gortfinbar Conglomerate Formation has moderate-low concentrations 

over outcrop (14 mg/l median). Similar concentrations are observed over the 

putative Devonian bedrock between Cushendall and Cushendun in northeast 

Co. Antrim.

Areas of Carboniferous bedrock around the margins of Upper and Lower 

Lough Erne show moderate concentrations of Cl. The exception to this is over the 

outcrop of the Mullaghmore Sandstone Formation between Derrygonnelly and 

Mackan, west of Enniskillen in Co. Fermanagh, which is not only at a low elevation, 

but is only 60 km from the Atlantic Ocean, and may therefore be affected by greater 

dry deposition of marine salts. The more resistate lithologies forming uplands 

in Counties Fermanagh and Tyrone are characterised by low Cl concentrations. 

The Carboniferous outcrop straddling the boundary between Counties Armagh 

and Tyrone have somewhat higher concentrations of Cl than those further west 

in Co. Fermanagh, generally above the overall dataset median.

Stream waters flowing over the outcrop of Permian and Triassic bedrock are 

moderately elevated in Cl. The outcrop of the saliferous Mercia Mudstone Group 

appears to give rise to isolated anomalies. The entire outcrop of the Palaeogene 

(Oligocene) Lough Neagh Group generally shows high Cl concentrations in 

stream waters.

diStribution over iGneouS rockS
The outcrop of the early Ordovician Tyrone Igneous Complex shows low 

concentrations of Cl in stream waters over both the constituent parts, the Tyrone 

Plutonic and Tyrone Volcanic groups (median 10 mg/l).

Streams flowing over granodiorite of the late Caledonian Newry Igneous 

Complex have low Cl concentrations in the upland area of Slieve Croob, but 

levels are generally higher over the rest of the outcrop. The samples have a 

median concentration of 18–25 mg/l, with the highest concentrations being in 

the Newry River valley.

The outcrop of basalt lava of the Antrim Lava Group generally shows moderate 

Cl concentrations, with strong local variations in the baseline reflecting topography 

and overlying Quaternary superficial deposits. The Upper Basalt Formation in 

northeast Co. Antrim has low Cl concentrations (<10 mg/l), reflecting the overall 

low mineralisation of these stream waters. These are, however, dominated by 

the Cl anion when total anion composition is examined. Low concentrations 

(<12 mg/l) are also observed along the western edge of the Antrim Plateau in 

Co. Londonderry. Conversely, over the rest of the outcrop of basalt lavas Cl is 

proportionally insignificant in relation to the other anions. Very high concentrations, 

in the context of this dataset (>25 mg/l), are observed over the outcrop of both 

the Causeway Tholeiite Member of the Interbasaltic Formation and the Upper 

Basalt Formation in north Co. Antrim. This region of elevated concentrations is 

more extensive eastwards along the coast than is observed for many of the other 

major ions. Cl concentrations in the vicinity of the estuaries of the River Bann 

near Coleraine and the Bush River at Ballycastle, in north Co. Antrim, probably 

reflect the proximity of the marine environment and of marine deposits in the 

Quaternary superficial deposits.
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Chromium (Cr)

Statistics

East

Samples 3062

Mean 0.33

Minimum <0.20

Median 0.34

Maximum 17.00

Std Deviation 0.66

Range 16.80

Minimum detectable value 0.20

West

Samples 2836

Mean 0.49

Minimum <0.40

Median <0.40

Maximum 22.27

Std Deviation 0.72

Range 21.87

Minimum detectable value 0.40

See page 218 for box and whisker 

and historgram plots for Western 

sample locations as shown on 

page 29.

Chromium (Cr)

Stream Waters

ICP-MS

General diStribution
For Chromium (Cr) in stream waters, the detection limit was improved between 

the periods of sampling in the west (1994–6) and east (2005) of Northern Ireland. 

In 2005, 35% of sample data were below the detection limit of 0.2 µg/l compared 

with 58% below the detection limit of 0.4 µg/l in 1994–6. On the accompanying 

map, to show the maximum information possible on the spatial distribution of Cr 

in the east, data in the west have had their detection limit applied separately (in 

grey). Data are plotted according to the percentile classes obtained from data in 

the east. Analytical uncertainty for Cr is generally considered to be slightly higher 

than the estimation of ±10% taken for many analytes by ICP-MS, and uncertainties 

on data are always higher than this figure close to the detection limit.

The distributions of data above the detection limit in both campaigns are 

similar, with a median of 0.59 µg/l in the east and 0.54 µg/l in the west. These 

are similar to those of other studies: in a comparable study of an area of eastern 

England over 50% of the data were below the detection limit (British Geological 

Survey, Unpublished data) and in the FOREGS survey of Europe the median value 

measured was 0.38 µg/l (Salminen et al., 2005).

Consistently elevated concentrations occur over the outcrop of basalt 

lava of the Palaeogene Antrim Lava Group on the Antrim Plateau in northeast 

Northern Ireland. The Cr anomaly covering the western margin of the basalt lava 

outcrop is part of a more extensive anomaly that extends westwards onto the 

outcrop of the Dalradian Supergroup. Low concentrations of Cr are seen over 

much of the outcrop of Lower Palaeozoic bedrock in the Southern Uplands-

Down-Longford Terrane in Counties Armagh and Down and over granodiorite 

of the late Caledonian Newry Igneous Complex and granite of the Palaeogene 

Mourne Mountains Complex. Data were below the detection limit over much of 

the Devonian and Carboniferous outcrop, reflecting either low Cr source rocks or 

the low solubility of Cr in these waters. The industrial use of Cr is widespread, and 

local contamination may have caused some of the isolated positive anomalies.

diStribution over MetaSediMentary rockS
Cr concentrations in stream waters flowing over the outcrop of bedrock 

comprising either Moinian or Dalradian Supergroup metamorphic rocks are 

generally below the detection limit. However, a region of systematically, but not 

uniformly, elevated concentrations is seen over the Sperrin Mountains, although 

the median of 0.48 µg/l for the Dart Formation is still close to the detection limit. A 

higher anomaly, found over the most northeasterly extent of the Dalradian outcrop, 

encompasses part of the Ballykelly Formation outcrop in the Roe Valley. This is 

part of a wider belt of enhanced concentrations, although not all are necessarily 

derived from the same source.

diStribution over SediMentary rockS
The concentration of Cr in stream waters over Lower Palaeozoic bedrock in the 

Southern Uplands-Down-Longford Terrane in Counties Armagh and Down is 

generally below the detection limit. The exception to this is a zone of elevated 

concentrations (>0.6 µg/l) that trend in a west to east direction across the strike 

of Gala Group tracts between Katesbridge and Loughbrickland. It is not clear 

how much of this distribution is related to true geogenic variation, the influence 

of local outcrops of the Moffat Shale Group, or anthropogenic addition of Cr into 

stream waters. The isolated nature of high concentrations elsewhere in Co. Down 

suggests that similar factors will need to be considered there.

Over the Devonian Shanmullagh Formation elevated Cr occurs adjacent to 

granite outcrops at the eastern end of the Formation in Co. Tyrone but much of 

the rest of the Formation has concentrations below the detection limit. Over the 

Gortfinbar Conglomerate Formation (median 0.46 µg/l) in the region of Cloghfin 

higher concentrations are observed, which also extend over the Shanmaghery 

Sandstone Formation.

Stream waters flowing over the Carboniferous outcrop are largely characterised 

by Cr concentrations below the detection limit. However, exceptions are more 

widely observed over the western part of the outcrop of the Meenymore Formation 

(up to 2.6 µg/l) in Co. Fermanagh and other isolated anomalies in the vicinity of this 

outcrop. In Co. Londonderry, the linear outcrop of the Tournaisian Barony Glen 

Formation has stream waters with elevated Cr concentrations (median 0.88 µg/l) 

that also form part of a much wider anomaly.

The outcrop of Permian and Triassic bedrock is characterised by generally 

low but measurable Cr concentrations, although stream waters flowing over the 

Sherwood Sandstone Group in Co. Londonderry are relatively elevated. The 

Mercia Mudstone Group median concentration is 0.59 µg/l.

The outcrop of the Palaeogene (Oligocene) Lough Neagh Group has variable 

Cr concentrations in stream waters over the entire outcrop around Lough Neagh 

in Co. Armagh and in north Co. Antrim, with localised positive and negative 

anomalies.

diStribution over iGneouS rockS
The early Ordovician Tyrone Igneous Complex shows localised Cr anomalies, 

although many of the samples were below the detection limit.

The late Caledonian Newry Igneous Complex has moderately elevated 

concentrations east of Katesbridge, but many sites are not greatly above the 

detection limit.

Cr concentrations in stream waters flowing on granite of the Mourne Mountains 

Complex were below the detection limit.

The outcrop of basalt lava of the Palaeogene Antrim Lava Group is 

characterised by systematically elevated Cr concentrations, with the exception 

of the columnar lavas of the Causeway Tholeiite Member, in north Co. Antrim. The 

highest Cr concentrations are found in the Group outcrop in northeast Co. Antrim 

and along its western edge in Co. Londonderry (>0.6 µg/l). These are amongst the 

highest Cr concentrations found in Northern Ireland and may reflect the presence 

of only a thin veneer of soil and Quaternary superficial deposits masking basalt 

bedrock. Cr is a common constituent in basalt lavas in spinel and, with Ni, is 

found in significant concentration in olivine and pyroxenes. The predominance of 

basalt clasts in the Quaternary glacial till overlying basalt bedrock (>95%) (McCabe 

and Dunlop, 2006) may also help to account for the widespread measurable Cr 

over the outcrop of the Antrim Lava Group, even where Quaternary superficial 

deposits are found.

anthropoGenic inFluenceS
Several isolated positive anomalies occur, some of which may related to 

anthropogenic point sources, as Cr is a widely used in industrial processes.
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Conductivity

Statistics

Samples 5902

Mean 337.49

Minimum <8.00

Median 323.00

Maximum 3400.00

Std Deviation 195.92

Range 3392.00

Conductivity

Stream Waters

Conductivity meter

General obServationS
Conductivity is a general indicator of the total dissolved solids content of natural 

waters. Conductivity is measured using a non-polarising conductivity meter and 

expressed in units of micro-Siemens per centimetre (µS/cm). This parameter 

is influenced by geology and terrain and often correlates with ionic and trace 

element concentrations. Streams in upland areas with high rainfall generally 

display low conductivity and the areas of lowest conductivity are those with the 

highest rainfall.

The conductivity of stream waters in Northern Ireland varies from 8 µS/cm 

to 3400 µS/cm, with an interquartile range of 200–460 µS/cm and a median of 

320 µS/cm. This median is similar to that found in the FOREGS study of European 

stream waters (330 µS/cm) (Salminen et al., 2005). In Northern Ireland, high 

conductivity values are associated with major river valleys such as the Bann and 

lake basins including the low-lying periphery of Lough Neagh and Lough Erne, 

coastal zones of the Ards Peninsula and Lecale in southeast Co. Down, Island 

Magee in east Co. Antrim and the north coast of Co. Antrim.

FactorS controllinG StreaM water conductivity
The electrical conductivity of water is a useful indicator of the concentrations 

of dissolved electrolytes - the elements present as ions in solution. However, 

only in the simplest aqueous systems is there a direct correlation with the total 

concentration of dissolved solids, since some ions are more mobile charge-

carriers than others. For example, Na+ and Cl- are more mobile carriers than for 

example Ca2+ or SO4
2-, while hydrolysed Fe3+, Al3+ and dissolved bulky organic acid 

molecules are poor carriers of charge. Conductivity is affected by acidity (pH) as 

H+(aq) ions are also effective charge-carriers. Pure hill-stream waters tend to have 

low conductivity around 30–50 μS/cm whereas lowland rivers may have values of 

several hundred, and brackish or polluted waters several thousand μS/cm.

Higher levels of conductivity may indicate pollution, particularly by industrial 

and agricultural contaminants, and leakages from landfill sites.

diStribution over MetaSediMentary rockS
Conductivity is generally moderate to very low over the outcrop of Moinian and 

Dalradian successions. The highest values are associated with river valleys, such 

as the Foyle catchment upstream and downstream of Strabane (>320 µS/cm), 

whilst the lowest values are found over the highest ground around Killeter, over 

the Sperrin Mountains and the Lack Inlier, in northeast Co. Antrim and over the 

outcrop of the Moinian Lough Derg Group in west Co. Fermanagh. These areas 

are characterised by conductivity values below 200 µS/cm, and frequently below 

100 µS/cm. The higher concentrations in river valleys are likely to arise from 

several factors including water-rock interaction within aquifers through a longer 

residence time, alluvial deposits containing more reactive minerals and greater 

anthropogenic influence (including housing and farming).

diStribution over SediMentary rockS
The outcrop of Lower Palaeozoic rocks in the Southern Uplands-Down-Longford 

Terrane in Counties Armagh and Down are associated with areas of very coherent 

spatial patterns in stream waters. The highest conductivity values (460 µS/cm) 

are found over the Gala and Hawick groups on the Ards Peninsula and over the 

Hawick Group outcrop west of Dundrum. It is not clear if these simply reflect 

modern wet and dry deposition of sea salts in a low-lying area, or are enhanced 

by the presence of Quaternary glaciomarine sediments deposited at time of 

marine highstand during the Last Glacial Maximum (McCabe and Dunlop, 2006). 

Additionally, the Hawick Group is a more calcareous formation, suggesting that 

readily soluble carbonates are more abundant than in the Leadhills Supergroup 

or the Gala Group. Conductivity levels immediately west of Strangford Lough are 

more moderate (<460 µS/cm), but are higher than the levels recorded over much 

of the rest of the Gala Group outcrop (320–460 µS/cm) which extends southwest 

into Co. Armagh. Very low values (<100 µS/cm) occur over the Hawick Group on 

the periphery of the Palaeogene Mourne Mountains Complex.

Within the outcrop of Devonian rocks in the Fintona Block, south of the 

Tempo-Sixmilecross Fault in west Co. Tyrone, streams flowing over the calcareous 

Shanmaghery Sandstone Formation (450 µS/cm) have moderately elevated 

conductivity values. The overlying Gortfinbar Conglomerate Formation has 

relatively lower conductivity values (median 270 µS/cm), especially in the area of 

Cloghfin in Co. Tyrone. Such low values are also characteristic of the outcrop of 

the Cross Slieve Group (270 µS/cm) in northeast Co. Antrim, between Cushendall 

and Cushendun.

The Carboniferous outcrop in Northern Ireland is characterised by large 

variations in conductivity values, predominantly arising from the abundance of 

readily soluble carbonate minerals. Thus, low conductivity stream waters are 

relatively restricted to the outcrop of the Meenymore and Glenade Sandstone 

formations, and over the Cuilcagh Mountains. Very much higher values occur 

over more calcareous bedrock throughout Counties Tyrone and Fermanagh, with 

the highest values lying close to the Lough Erne basin, along the valleys of the 

Colebrook and Blackwater rivers (median values of 600 µS/cm and 560 µS/cm), 

over the outcrop of the Ballyshannon and Clogher Valley formations and across 

the outcrop of the Maydown Limestone Formation in southeast Co. Tyrone.

Over the outcrop of Permian and Triassic rocks stream waters have relatively 

high conductivity with the highest value recorded in the Lagan Valley, southwest 

of Belfast and over the Triassic outcrop southwest of Lough Neagh. Isolated high 

values on the east coast of Co. Antrim near Island Magee may be influenced by 

the adjacent outcrop of the calcareous Mercia Mudstone Group.

The Palaeogene (Oligocene) Lough Neagh Group is associated with high 

conductivity values south of Lough Neagh (>460 µS/cm) and slightly lower values 

in their outcrop around Ballymoney, in north Co. Antrim.

diStribution over iGneouS rockS
Streams flowing over the early Ordovician Tyrone Igneous Complex have very 

low conductivity values, with median values of 180 µS/cm.

Streams flowing over the late Caledonian Newry Igneous Complex have 

very consistent conductivity values (medians of 220–290 µS/cm), with the only 

systematic variation appearing in the slightly lower values at Slieve Croob.

Streams flowing over the outcrop of granite of the Palaeogene Mourne 

Mountains Complex have very low conductivity values with a median of 42–

54 µS/cm. These are found over the entire Complex and probably reflect the 

relative slow dissolution kinetics of the rock forming minerals, the relatively high 

rainfall and the lack of intensive agriculture.

The stream waters flowing over the outcrop of basalt lava of the Palaeogene 

Antrim Lava Group are characterised by very low conductivity values (<130 µS/cm), 

in particular over the higher ground in northeast Co. Antrim and over the hills along 

the western edge of the Antrim Plateau in east Co. Londonderry. The low-lying 

land bordering Lough Neagh and along the valley of the River Bann has high 

stream water conductivity values. High values are also found at the mouth of the 

River Bann at Coleraine and the Bush River at Ballycastle. These values may 

reflect both the influence of Quaternary superficial deposits and the influence of 

saltwater incursions during periods of higher sea levels.

diStribution over Quaternary SediMentS
Within the catchment areas of major river systems and in lake basins deposits of 

Quaternary sediments may generate higher conductivity values in streams than 

are observed over bedrock.

anthropoGenic inFluenceS
The application of artificial fertiliser and the resultant run-off, and the effects of 

agricultural lime on soils may raise stream water conductivity over a wide area. 

Leaking sewers and septic tanks, run-off from stored manure or industrial waste, 

will also raise conductivity around and downstream of the source.
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Copper (Cu)

Statistics

Samples 5898

Mean 1.73

Minimum <0.13

Median 1.16

Maximum 187.51

Std Deviation 3.82

Range 187.38

Minimum detectable value 0.13

Copper (Cu)

Stream Waters

ICP-MS

General diStribution
Only 4% of samples were below the detection limit. The interquartile range of 

0.65–2.0 µg/l, with a median of 1.2 µg/l, was narrow compared to the total range 

(up to 190 µg/l).

The concentration of Copper (Cu) in stream waters across Northern Ireland is 

highly variable, and often reflects the bedrock geology. The low Cu concentrations 

in areas such as west Co. Tyrone and southeast Co. Down are clearly defined 

and correlate with geochemical signatures in many other analytes. These low 

concentrations are due to low concentrations in the bedrock and to low mobility 

of Cu in the streams in those areas.

The highest concentrations occur in north Co. Londonderry and extend 

south over the Sperrin Mountains and east over the western edge of the Antrim 

Plateau. High Cu concentrations are evident over the Lower Palaeozoic outcrop, 

particularly in southwest Co. Armagh, in the area of the South Armagh-Monaghan 

Mining District.

diStribution over MetaSediMentary rockS
Cu concentrations are low in streams flowing over both parts of the Moinian 

outcrop, with median values of 0.7 µg/l over the Corvanaghan Formation of 

the Central Inlier in Co. Tyrone and 0.76 µg/l over the Lough Derg Group at 

Belleek in west Co. Fermanagh. The outcrop of the Dalradian Supergroup in 

the Sperrin Mountains is generally associated with only moderately elevated 

Cu concentrations, in contrast to many other elements. Thus, Cu levels over 

formations such as the Glenelly (median of 1.4 µg/l), Glengawna (1.8 µg/l) and 

Mullaghcarn (1.4 µg/l) are close to the dataset median. Further north however, the 

largest systematic area of elevated Cu encompasses the outcrop of the Claudy 

(median 2.4 µg/l) and Ballykelly (3.8 µg/l) formations. In northeast Co. Antrim, Cu 

concentrations are moderate, generally below the median of the overall dataset, 

with very low concentrations (<0.3 µg/l) close to Ballypatrick Forest.

diStribution over SediMentary rockS
Large variations in dissolved Cu are typical of the outcrop of Lower Palaeozoic 

rocks in the Southern Uplands-Down-Longford Terrane, which do not generally 

relate to bedrock variations. The highest Cu concentrations over the Gala Group 

(>1.9 µg/l) are seen in the southwest part of the Group outcrop, in an area of 

drainage which is also anomalous in other analytes, and is associated with 

known mineralisation in the area of Turrydonnell in south Co. Armagh. Much lower 

concentrations are systematically found over the Hawick Group in the Lecale 

area of southeast Co. Down, where the streams are generally well buffered and 

of moderate pH, limiting the solubility of Cu. Values over other parts of the Lower 

Palaeozoic outcrop are more variable. Localised positive anomalies are found over 

Gala Tract 7+1 (Ballywhiskin Tract) in the northern part of the Ards Peninsula in 

north Co. Down. Bedrock composed of the Moffat Shale Group appears to raise 

Cu levels, either because of higher Cu concentrations or because high dissolved 

organic carbon in the streams promotes Cu solubility.

Stream waters flowing over the Devonian outcrop have moderate concentrations 

of Cu, near the dataset median, with the exception of the Shanmullagh Formation 

which has a marginally elevated median concentration of 1.4 µg/l.

Stream waters flowing over the Carboniferous outcrop have highly variable 

Cu concentrations. The highest concentrations are observed over the early 

Carboniferous Barony Glen Formation (median 3.5 µg/l) in east Co. Londonderry. 

Relatively high concentrations found over upland areas where bedrock is 

composed of the Meenymore Formation (median 1.1 µg/l) also extend over the 

outcrop of older formations forming bedrock on topographically lower ground, 

such as the Bundoran Shale and Benbulben Shale formations. It is not clear if the 

Cu is derived from the older formations, or is largely sourced from the Meenymore 

Formation. Lower concentrations, generally below the overall dataset median, 

are found in the Carboniferous outcrop in east Co. Tyrone and in streams over 

many parts of Co. Fermanagh including Cuilcagh Mountain. Similar high levels are 

also associated with the outcrop of the Viséan Maydown Limestone Formation 

(1.2 µg/l) in the valley of the River Blackwater in Counties Armagh and Tyrone.

The outcrop of Permian and Triassic rocks has stream water Cu concentrations 

close to the overall median of the dataset. The highest concentrations lie over the 

outcrop of the Sherwood Sandstone Group in the Roe Valley at Limavady, where 

the anomalous zone extends beyond the outcrop of this Group.

The outcrop of the Palaeogene (Oligocene) Lough Neagh Group shows a 

median concentration close to the overall dataset median, whilst having highly 

variable concentrations between sites, particularly over the outcrop south of 

Lough Neagh.

diStribution over iGneouS rockS
Streams flowing over the early Ordovician Tyrone Plutonic Group of the Tyrone 

Igneous Complex have moderately low concentrations of Cu, with a median value 

of 0.87 µg/l. Slightly higher Cu concentrations (median 1.2 µg/l), close to the overall 

dataset median, are typical of the outcrop of the Tyrone Volcanic Group.

The outcrop of granodiorite of the late Caledonian Newry Igneous Complex 

has moderate Cu concentrations over the northeast and southwest plutons with 

median values of 1.2 µg/l. It is possible that higher concentrations observed 

over the central pluton may be associated with the thick cover of Quaternary 

superficial deposits in the valley of the Newry River, which traverses the area 

of this pluton.

The outcrop of granite of the Palaeogene Mourne Mountains Complex 

show very low concentrations of Cu in stream waters, and form a large area of 

consistently anomalously low values. The median concentrations typical of the 

different granite components are all lower than 0.22 µg/l. These low concentrations 

extend over the Hawick Group outcrop at Spelga Dam and Rostrevor, probably as 

a result of drainage, arising from the granites, flowing over the Lower Palaeozoic 

host rocks.

Concentrations of Cu in stream waters vary greatly across the outcrop 

of basalt lava of the Palaeogene Antrim Lava Group on the Antrim Plateau in 

Co. Antrim and east Co. Londonderry. Most of the outcrop is characterised by 

concentrations of Cu close to the overall dataset median. Unlike other elements, 

the outcrop of the Upper Basalt Formation in northeast Co. Antrim forms neither 

a positive or negative anomaly. Along the western edge of the Antrim Plateau the 

Cu concentrations are relatively high and form part of a spatially coherent wider 

anomaly stretching west across Co. Londonderry to the River Foyle. The lowest 

concentrations over the outcrop of the Antrim Lava Group are found on the north 

coast of Co. Antrim and on Island Magee in east Co. Antrim, where values are 

in the lowest 10% of the dataset.
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Fluoride (F)

Statistics

Samples 5851

Mean 6.98

Minimum <0.01

Median 0.05

Maximum 5.82

Std Deviation 0.11

Range 5.81

Minimum detectable value 0.01

Fluoride (F)

Stream Waters

Ion Chromatography and Ion 

Selective Electrode

General diStribution
Concentrations of Fluoride (F) vary by only two orders of magnitude from the 

detection limit of 0.01 mg/l, with 3% of samples falling below the detection limit. 

The interquartile range (0.033–0.088 mg/l) is restricted, with an overall median of 

0.052 mg/l. This is close to the median concentration of data measured in Wales 

(0.045 mg/l) (British Geological Survey, 1999), but lower than the FOREGS study 

of Europe (median of 0.10 mg/l) (Salminen et al., 2005).

Variations in the concentration of F show strong geological and terrain 

control. Over the outcrop of the Dalradian Supergroup, F concentrations, as is 

the case for many other analytes, show very low levels in the Sperrin Mountains. 

Topographically lower areas within the Dalradian outcrop, including those in 

northeast Co. Antrim, show more moderate F levels. Areas of systematically 

elevated concentrations include the Mourne Mountains, in southeast Co. Down 

and surrounding areas, and certain areas of Carboniferous bedrock in Counties 

Fermanagh and Tyrone. In Co. Tyrone, some high concentrations coincide with 

a previously recognised area where dental fluorosis was recognised historically. 

Within the outcrop of the Palaeogene Antrim Lava Group, in upland areas of the 

Antrim Plateau with a thin cover of Quaternary superficial deposits, the basalt lava 

gives rise to very low concentrations of F in stream waters, with slightly higher 

concentrations only found in the valley of the River Bann.

diStribution over metaSedimentary rockS
Whilst moderately low concentrations (below the 25th percentile) are typical of 

the outcrop of Moinian rocks, it is over the Dalradian Supergroup, in particular the 

Dart, Glenelly, Glengawna and Mullaghcarn formations in the Sperrin Mountains, 

that F concentrations are systematically lowest. Streams in these areas generally 

have a concentration in the lowest 5th percentile of the dataset (<0.011 mg/l). 

Elsewhere, over the Dalradian outcrop, more moderate concentrations (within 

the interquartile range) occur, with the highest located close to Lough Foyle in 

Co. Londonderry and over the Dalradian rocks in northeast Co. Antrim.

diStribution over Sedimentary rockS
Streams flowing over the outcrop of Lower Palaeozoic rocks of the Southern 

Uplands-Down-Longford Terrane in Counties Armagh and Down are elevated 

in F, in relation to the overall dataset, with samples generally above the dataset 

median. Zones of higher concentration of F occur over Gala Group bedrock of 

the Ards Peninsula, compared with those further inland. Another area of more 

elevated concentrations lies over the Gala Group outcrop straddling the county 

boundary. The more base-rich waters of the Lecale area have a moderate 

concentration of F (generally 0.053–0.088 mg/l), despite the more Ca-rich nature 

of these streams.

In the Devonian outcrop in Northern Ireland, the Shanmullagh and Gortfinbar 

Conglomerate formations in the Fintona Block, in west Co. Tyrone, and the Cross 

Slieve Group in northeast Co. Antrim, all have moderate concentrations of F in 

stream waters that are generally close to the overall dataset median.

Widely varying concentrations of F occur in streams flowing over the 

Carboniferous outcrop in Counties Fermanagh and Tyrone. High concentrations 

were measured over the Ballyshannon Limestone (median 0.13 mg/l), Bundoran 

Shale (0.14 mg/l), Mullaghmore Sandstone (0.086 mg/l) and Benbulben Shale 

(0.14 mg/l) formations. Rural populations in south Co. Fermanagh, who obtain 

drinking water from these formations, have previously been diagnosed with dental 

fluorosis (Robins, 1996). Streams flowing over the outcrop of these formations 

also show very high levels of Ca (>80 mg/l), which would be expected to limit F 

concentrations through equilibrium with the low solubility phase fluorite (CaF2). 

Much lower concentrations with a median of 0.054 mg/l, below the overall 

dataset median, occur in the area of Cuilcagh Mountains over the outcrop of the 

Meenymore and Glenade Sandstone formations.

Higher concentrations of F occur over the outcrop of the Sherwood Sandstone 

Group in Counties Down and Armagh compared with that part of the outcrop in 

Co. Londonderry. It is not clear if these differences are due to systematic variations 

in the aquifer or to the variable influence of Quaternary superficial deposits on 

the surface waters.

F concentrations in stream waters flowing over the outcrop of the Lough 

Neagh Group are higher in the area south of Lough Neagh than in the Ballymoney 

area of north Co. Antrim, with the exception of a positive anomaly over a part 

of the latter area.

diStribution over iGneouS rockS
The outcrop of the early Ordovician Tyrone Igneous Complex shows generally 

moderate concentrations of F (0.03–0.052 mg/l), although the area of the granite 

pluton of Slieve Gallion has particularly low concentrations (generally less than 

0.021 mg/l). It is not clear if this is the result of water-rock interaction within the 

granite itself, or due to the presence of Quaternary superficial deposits affecting 

the abundance or solubility of F in stream waters.

Stream waters flowing over granodiorite of the late Caledonian Newry 

Igneous Complex have moderate concentrations of F over the eastern pluton 

(up to 0.088 mg/l). West of Rathfriland in Co. Down, the concentrations increase 

(>0.088 mg/l), with increasingly higher concentrations found to the southwest up 

to the margin of the Complex at Forkill. The generally higher baseline concentration 

is also associated with local positive anomalies, although it is not clear if these are 

controlled by a greater natural abundance of F or changes in its solubility.

The outcrop of granite of the Mourne Mountains Complex is characterised by 

consistently high concentrations, generally in the uppermost 5% of the dataset 

(median value of 0.15–0.35 mg/l). Whilst there is clearly an abundant source 

of F in the granite, the positive anomaly must also be subject to environmental 

controls. There is likely to be little solubility control from fluorite equilibrium in 

these low-Ca stream waters.

The outcrop of basalt lava of the Palaeogene Antrim Lava Group in northeast 

Co. Antrim shows a moderate variation in F concentrations, despite the almost 

uniform petrography and geochemistry of the lavas. Very low concentrations are 

found over the Upper Basalt Formation in east Co. Antrim (for example, Collin 

Top) and over its outcrop along the western margin in east Co. Londonderry. 

The negative F anomaly in east Co. Londonderry is pronounced in comparison 

with other analytes from this area, determined in this study. These areas are 

characterised by concentrations generally less than 0.022 mg/l. The remainder 

of the outcrop of the Antrim Lava Group has more moderate concentrations, 

closer to the overall dataset median value.

Quaternary SedimentS
It is not clear if specific anomalies are related to the presence of Quaternary 

superficial deposits, although the locally higher F levels around the estuary of the 

River Bann at Coleraine, in north Co. Antrim, may be related to the accumulation 

of Recent sediments. The extensive deposits of glacial till may influence the F 

concentration over basalt lava of the Palaeogene Antrim Lava Group.

anthropoGenic influenceS
Whilst isolated positive anomalies do occur there is presently no evidence to 

suggest these are due to anthropogenic activity.



172

See page 41 

for an account 

of how the 

geochemical 

images and 

statistical 

diagrams are 

generated and 

for sources of 

statistical data. 

See pages 42-43 

for a guide to the 

interpretation of 

the geochemical 

data.

A transparent 

overlay showing 

topographic 

features of the 

area may be 

found inside the 

back cover of 

this volume.



A guide to the Tellus data

173

Iron (Fe)

Statistics

Samples 5867

Mean 0.64

Minimum <0.01

Median 0.22

Maximum 41.05

Std Deviation 1.72

Range 41.04

Minimum detectable value 0.01

Iron (Fe)

Stream Waters

ICP-AES

General diStribution
Concentrations of Iron (Fe) in stream waters vary by more than four orders of 

magnitude, with only 2% of samples below the detection limit of 0.01 mg/l. The 

interquartile range is relatively large, 0.077–0.6 mg/l, with a median of 0.22 mg/l. 

These median concentrations are high in comparison with 0.08 mg/l in Wales 

(British Geological Survey, 1999) and 0.067 mg/l in a survey of Europe (Salminen 

et al., 2005).

The regional distribution of Fe in stream waters shows strong lithological 

control over the outcrop of the Dalradian Supergroup, with elevated concentrations 

over the Sperrin Mountains and in northeast Co. Antrim. Areas of systematically 

lower concentrations occur around Belfast, and along the coast north and south 

of Larne, in east Co. Antrim. Low concentrations are also found in south Co. Down 

around the Mourne Mountains and in the Lecale area of southeast Co. Down. 

The distribution over much of the rest of Northern Ireland is subject to large 

local fluctuations which may arise from localised variations in Eh, organic carbon 

and pH.

diStribution over metaSedimentary rockS
Streams flowing over the outcrop of Moinian rocks are generally elevated in Fe, 

with median values of 0.6 mg/l over the Lough Derg Group in west Co. Fermanagh 

and over the Corvanaghan Formation in the Central Inlier in Co. Tyrone. Fe 

concentrations are also widely elevated over the Dalradian outcrop. These elevated 

levels generally extend across the entire outcrop, with the exception of low-lying 

areas in the valleys of tributaries of the River Foyle, such as at Strabane. Median 

concentrations over the Dalradian Supergroup in the Sperrin Mountains reach 

1.4 mg/l, with the highest levels found over both the outcrop of the Mullaghcarn 

Formation in the Sperrins and in the Lack Inlier, southwest of Omagh in Co. Tyrone. 

Concentrations of Fe are also very high in streams draining the Dalradian outcrop 

in northeast Co. Antrim, with many samples exceeding the overall dataset 90th 

percentile.

diStribution over Sedimentary rockS
The outcrop of Lower Palaeozoic rocks in the Southern Uplands-Down-Longford 

Terrane in Counties Armagh and Down have generally moderate Fe concentrations 

(within the interquartile range of the overall dataset), although there are substantial 

local variations which do not resemble the systematic variations seen in many 

other areas of bedrock. The lower concentrations in Lecale may reflect the higher 

pH and better-buffered stream water conditions, limiting Fe solubility. The outcrop 

of the Hawick Group under the thick cover of Quaternary superficial deposits on 

the Mourne Plain is also associated with low Fe concentrations (<0.077 mg/l). This 

is an area where other aqueous analyte concentrations are usually substantially 

different from the Lecale outcrop.

Stream waters flowing over the Devonian outcrop in the Fintona Block in 

Co. Tyrone are characterised by moderate baseline Fe concentrations with 

superimposed local anomalies, such as the high concentrations (>6 mg/l) at 

Dromore, over the Shanmullagh Formation.

Over the Carboniferous outcrop in Northern Ireland, base-poor bedrock 

occupying areas of high ground exhibits higher Fe concentrations than over 

much of the rest of the outcrop. These areas include the outcrop of the early 

Carboniferous Meenymore Formation (0.6 mg/l) and of the Glenade Sandstone 

Formation (median 0.74 mg/l) on Cuilcagh Mountain. Streams flowing over some 

of the limestone dominant formations cropping out south of Lough Erne show 

low concentrations of Fe (<0.07 mg/l), consistent with well-oxygenated stream 

water of moderate pH.

The outcrop of Permian and Triassic rocks has moderate concentrations of 

Fe (medians 0.13 mg/l and 0.04 mg/l respectively), with local high anomalies.

The outcrop of the Palaeogene (Oligocene) Lough Neagh Group is associated 

with high Fe concentrations in stream waters in the area south of Lough Neagh, 

with more moderate concentrations over the outcrop around Ballymoney, in 

north Co. Antrim.

diStribution over iGneouS rockS
Concentrations of Fe are elevated over the early Ordovician Tyrone Igneous 

Complex, with a generally elevated baseline (median concentration 0.5–0.77 mg/l), 

and superimposed isolated positive anomalies. Concentrations are lower over 

the isolated granite pluton forming Slieve Gallion in Co. Tyrone.

The outcrop of the late Caledonian Newry Igneous Complex has very variable 

Fe concentrations, with local positive and negative anomalies over the outcrop 

area. These local variations may result from changes in Eh, organic carbon or 

pH, which rapidly affect the solubility of Fe.

The outcrop of granite of the Palaeogene Mourne Mountains Complex is 

associated with low Fe concentrations in stream waters which rarely reach those 

of the overall dataset median and are much lower than over other upland areas 

of Northern Ireland.

The outcrop of basalt lava of the Palaeogene Antrim Lava Group on the Antrim 

Plateau in Co. Antrim and east Co. Londonderry exhibits systematically higher 

concentrations over the upland area along the western margin of the Plateau and 

over the Upper Basalt Formation near the east coast of Co. Antrim (for example, 

Collin Top), with concentrations exceeding the overall dataset median. Along the 

valley of the River Bann and in rivers draining land peripheral to Lough Neagh, 

stream waters show more moderate concentrations of Fe. These streams are 

generally more buffered than those of the upland areas, and have more neutral 

pH conditions.

anthropoGenic influenceS
It is not clear if local anomalies are due to the presence of peat or to variations in 

the thickness of Quaternary superficial deposits, or arise from variations in land 

reclamation schemes where former areas of bog and marsh have been drained 

to improve ground conditions.
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Lead (Pb)

Statistics

Samples 5898

Mean 0.21

Minimum <0.05

Median 0.08

Maximum 44.30

Std Deviation 0.76

Range 44.25

Minimum detectable value 0.05

Lead (Pb)

Stream Waters

ICP-MS

General diStribution
Of all the water samples analysed 36% had concentrations at or below the detection 

limit of 0.05 µg/l. The interquartile range was <0.05–0.21 µg/l with a median of 

0.08 µg/l. These values are similar to those of the pan-European FOREGS study 

which found a median value of 0.09 µg/l (Salminen et al., 2005).

Despite the large amount of data below the detection limit, and the inevitable 

increase in uncertainty in data just above the detection limit, strongly geogenic 

regional patterns in the distribution of Lead (Pb) in stream waters are observed 

across Northern Ireland. Elevated concentrations are found across much of the 

Dalradian Supergroup outcrop, in areas of known mineralisation in the Lower 

Palaeozoic rocks of Counties Armagh and Down, over certain formations in 

the Carboniferous succession and in upland areas within the outcrop of the 

Upper Basalt Formation in east Co. Londonderry and northeast Co. Antrim. An 

anomaly located west of the western edge of the basalt outcrop on the Antrim 

Plateau is coincident with that of elevated nickel levels in stream waters. Very low 

Pb concentrations are characteristic of the Hawick Group outcrop in Counties 

Armagh and Down and also of many low-lying parts of the basalt lava outcrop 

on the Antrim Plateau.

diStribution of metaSedimentary rockS
Pb concentrations in stream waters over the outcrop of Moinian rocks is 

characterised by moderate concentrations, both for the Lough Derg Group in 

west Co. Fermanagh and the Corvanaghan Formation of the Central Inlier in 

Co. Tyrone (median values of 0.10 and 0.09 µg/l respectively). In contrast, over 

much of the Dalradian outcrop, Pb levels are generally elevated.

In parts of the Dalradian outcrop in the Sperrin Mountains, where 

mineralisation is known to occur, high Pb concentrations in stream waters are 

recorded, for example over the Dart (median of 0.32 µg/l), Glenelly (1.3 µg/l), 

Glengawna (0.50 µg/l) and Mullaghcarn (0.35 µg/l) formations. The area of high Pb 

values also extends northwards in streams flowing over the Ballykelly (0.27 µg/l) 

and Claudy (0.25 µg/l) formations. High Pb levels are also recorded over the 

Dalradian successions in the Killeter area of west Co. Fermanagh and in northeast 

Co. Antrim.

diStribution over Sedimentary rockS
Streams flowing over the outcrop of Lower Palaeozoic rocks in the Southern 

Uplands-Down-Longford Terrane in Counties Armagh and Down have variable 

concentrations of Pb. The Gala Group has moderate concentrations across much 

of the outcrop in Co. Down, with higher values, which occur in the northern part 

of the Ards Peninsula, associated with known base metal mineralisation at the 

Conlig-Whitespots Mines. Other isolated anomalies may be associated either with 

sulphide mineralisation within the formation, or with outcrops of the Moffat Shale 

Group. In Co. Armagh, an area of elevated concentrations is associated with base 

metal mineralisation at several locations across the Lower Palaeozoic outcrop. 

The outcrop of the Hawick Group in the southern part of Lecale, in southeast 

Co. Down, shows low Pb concentrations, which may be a result of reduced Pb 

solubility in more carbonate-rich stream waters. Higher concentrations of Pb are 

found over the Hawick Group west of Dundrum, although some of these may be 

associated with local anthropogenic contamination.

The Devonian outcrop in the Fintona Block in Counties Tyrone and Fermanagh 

and in the Cushendall-Cushendun area of northeast Co. Antrim shows moderate 

to low Pb concentrations. Isolated, elevated anomalies occur in stream waters 

flowing over the outcrop at Cloghfin of both the Shanmaghery Sandstone and the 

Gortfinbar Conglomerate formations, south of the Tempo-Sixmilecross Fault.

Over the Carboniferous outcrop in Northern Ireland, streams flowing over 

the outcrop of the early Carboniferous Meenymore and Glenade Sandstone 

formations show very high Pb concentrations, with medians of 0.26 µg/l and 

0.29 µg/l respectively. The anomaly over the Meenymore Formation also extends 

over the adjacent outcrops of the Dartry Limestone and Benbulben Shale 

formations. High Pb concentrations are also seen over the Cuilcagh Mountains 

and on the outcrop of the Benbulben Shale Formation, south of Lady Craigavon 

Bridge, on the west side of Upper Lough Erne in Co. Fermanagh. The source 

of high Pb concentrations over the outcrop of the Barony Glen Formation in 

Co. Londonderry (median 0.25 µg/l) may either be from the bedrock, or from a 

more regional anomaly that was influenced by ice-flow lines during the Quaternary 

Last Glacial Maximum. Isolated high Pb levels across Northern Ireland may be 

due to local mineralisation or to anthropogenic contamination. The remaining 

parts of the Carboniferous outcrop are characterised by low to moderate Pb 

concentrations.

The outcrop of Permian and Triassic rocks show concentrations that are 

generally moderately low. However, the exception is the outcrop of the Sherwood 

Sandstone Group in Co. Londonderry which is part of a more regional Pb anomaly, 

although it is not clear if the Pb source will be the same for all the bedrock 

lithologies covered by the anomaly.

Stream waters flowing over the outcrop of the Palaeogene (Oligocene) Lough 

Neagh Group have very low concentrations of Pb in the area of north Co. Antrim 

around Ballymoney, and occasional isolated anomalies in the area south of 

Lough Neagh.

diStribution over iGneouS rockS
The early Ordovician Tyrone Igneous Complex has generally elevated Pb 

concentrations in stream waters.

The outcrop of granodiorite of the Newry Igneous Complex is associated 

with moderately elevated concentrations (median 0.1 µg/l) with the lowest levels 

recorded on Slieve Croob and close to Mullaghbane, at the northeast and 

southwest extremities of the Complex respectively. A slightly higher level of Pb 

occurs east of Rathfriland in Co. Down.

The outcrop of the Mourne Mountains Complex shows moderately elevated 

Pb concentrations in stream waters, with median values 0.11–0.23 µg/l, the 

highest levels occurring north of the Silent Valley and near Rostrevor.

The outcrop of the Antrim Lava Group has Pb concentrations that vary 

markedly. Anomalously high concentrations are found over the outcrop of both 

the Lower Basalt and Upper Basalt formations in northeast Co. Antrim, whilst 

generally elevated concentrations are found over the hills along the western edge 

of the Antrim Plateau in east Co. Londonderry (>0.21 µg/l). The remainder of the 

outcrop is characterised by concentrations below the detection limit, with the 

exception of a few isolated anomalies.

anthropoGenic influenceS
Pb has long been used in a wide range of industrial, transport and domestic 

settings. This contributes to both diffuse and point-source anomalies in the local 

environment. Concentrations may well be enhanced where mining has taken 

place. Localised anomalies associated with urban or industrial areas are likely 

to have a predominantly anthropogenic source.
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Magnesium (Mg)

Statistics

Samples 5867

Mean 11.11

Minimum 0.45

Median 9.42

Maximum 65.60

Std Deviation 7.30

Range 65.15

Minimum detectable value 0.10

Magnesium (Mg)

Stream Waters

ICP-AES

General diStribution
Magnesium (Mg) concentrations in stream waters in Northern Ireland vary by four 

orders of magnitude, although the interquartile range (5.2–17 mg/l) is considerably 

more restricted, with an overall median of 9.4 mg/l. This median is close to, but 

higher than, median data from Wales (4.7 mg/l) (British Geological Survey, 1999) 

and from the FOREGS study of Europe (6.0 mg/l) (Salminen et al., 2005), and an 

estimated ‘world average’ of 4.1 mg/l based on Reimann and de Caritat (1998).

Concentrations of Mg in stream waters across Northern Ireland exhibit a close 

relationship with the underlying bedrock. The outcrop of granite of the Mourne 

Mountains Complex shows anomalously low concentrations (below the 5th 

percentile). The outcrop of base-poor rocks of the Dalradian Supergroup is also 

associated with low concentrations over the Sperrin Mountains and in northeast 

Co. Antrim. Elevated concentrations are associated with the Lower Palaeozoic 

outcrop of the Ards Peninsula and the Lecale area of southeast Co. Down, 

although elsewhere within the Southern Uplands-Down-Longford Terrane 

concentrations are more moderate. The outcrop of basalt lava of the Antrim Lava 

Group is associated with the largest area of elevated concentrations measured in 

this survey, especially along the valley of the River Bann in Co. Antrim.

diStribution over metaSedimentary rockS
Mn concentrations are anomalously low (below the 5th percentile of the dataset) 

over the entire outcrop of the Moinian and Dalradian successions in Northern 

Ireland. These include both parts of the Moinian outcrop in west Co. Fermanagh 

and the Central Inlier of Co. Tyrone, within the Tyrone Igneous Complex, and the 

outcrop of the Dalradian Supergroup in northeast Co. Antrim and the Sperrin 

Mountains. The lowest concentrations (median of <2.5 mg/l) are found over the 

Mullaghcarn, Glengawna, Glenelly and Dart formations.

diStribution over Sedimentary rockS
Lower Palaeozoic rocks in the Southern Uplands-Down-Longford Terrane show a 

systematic decrease in regional concentrations moving southwest from the Ards 

Peninsula to south Co. Armagh. In Co. Down, the area of highest concentrations 

ranges across the entire Terrane and levels are generally greater than the 75th 

percentile. The systematic decline in these concentrations to the southwest is 

particularly evident in the outcrop of the Gala Group. The high concentrations 

in streams around Strangford Lough may be influenced by the presence of 

Quaternary glaciomarine deposits in this area (McCabe and Dunlop, 2006). 

Concentrations in south Co. Armagh are generally below the overall median 

(5.2 mg/l). The very low concentrations of Mg measured in streams over the 

Hawick Group in the vicinity of the Mourne Mountains Complex do not reflect 

the expected levels for a relatively carbonate-rich greywacke sandstone bedrock 

(Mitchell, 2004), and may be influenced by low Mg levels in the overlying Quaternary 

superficial deposits.

The outcrop of the Devonian Shanmullagh Formation in the Fintona Block in 

Counties Fermanagh and Tyrone has a more elevated Mg concentration than the 

surrounding Carboniferous rocks, with a median of 10 mg/l, which is similar to the 

Cross Slieve Group in northeast Co. Antrim (median 11 mg/l). The Shanmullagh 

Formation generally consists of intercalated sandstone, siltstone and mudstone 

with calcareous minerals recorded which may be a source of Mg. The outcrop of 

the contemporaneous Gortfinbar Conglomerate Formation, south of the Tempo-

Sixmilecross Fault, has lower Mg levels (median 6.3 mg/l), reflecting a more 

siliceous composition (conglomerate of andesitic volcanic fragments).

The Carboniferous outcrop in Counties Fermanagh and Tyrone generally 

shows moderate to low concentrations of Mg. Lower concentrations are often 

associated with topographically higher land and more siliceous bedrock (e.g. 

the Glenade Sandstone Formation of Co. Fermanagh). The exceptions to this 

are the outcrop of the Tournaisian Clogher Valley Formation (median 9.1 mg/l) 

in Counties Fermanagh and Tyrone, the eponymous Armagh Group (median 

19 mg/l) and the outcrops in Co. Londonderry of the Altagoan and Desertmartin 

Limestone formation (medians of 11 and 19 mg/l respectively). These more 

elevated concentrations may be associated with bedrock comprising mudstone, 

limestone and evaporites.

The restricted outcrop of Permian and Triassic rocks have relatively high 

concentrations of Mg, with median values of 14 mg/l over the Sherwood Sandstone 

Group and 17 mg/l over the Mercia Mudstone Group. These concentrations reflect 

the abundance of Mg-bearing evaporite minerals in the Mercia Mudstone Group, 

although the results for both Groups are substantially lower than the measured 

concentrations over the same lithologies in England and Wales.

Stream waters flowing over the Palaeogene (Oligocene) Lough Neagh 

Group show anomalously elevated concentrations of Mg (median of 19 mg/l) 

compared with much of Northern Ireland. The dominant sediment source for 

this Group was the basalt lava plateau, a naturally rich source of Mg. However, in 

the Ballymoney area this may reflect the presence of thick Quaternary superficial 

deposits which also incorporate a high proportion of local basalt debris (McCabe 

and Dunlop, 2006).

diStribution over iGneouS rockS
The outcrop of the early Ordovician Tyrone Igneous Complex has generally 

moderate concentrations of Mg, typically 5 mg/l, although in places, a thick 

cover of Quaternary superficial deposits may control the Mg concentrations in 

stream waters.

Streams over the outcrop of granodiorite of the late Caledonian Newry Igneous 

Complex have moderate concentrations of Mg, generally 6–10 mg/l.

Stream waters over the outcrop of the Mourne Mountains Complex are 

characterised by exceptionally low Mg concentrations (median value <1 mg/l), 

reflecting the base-poor composition of the granite bedrock. Although there are 

fewer sample sites, low concentrations also appear to be associated with granite 

of the Slieve Gullion Complex.

Basalt lava of the Palaeogene Antrim Lava Group on the Antrim Plateau in 

Co. Antrim and east Co. Londonderry are associated with the most systematically 

elevated concentrations of Mg in Northern Ireland, with median concentrations 

of 19 mg/l. Mg is derived from the weathering of basic minerals such as olivine. 

However, like other analytes, the Mg concentration is anomalously low over the 

outcrop of the Upper Basalt Formation in northeast Co. Antrim These samples 

show concentrations generally <5 mg/l which more closely resemble the Dalradian 

outcrop of northeast Co. Antrim.
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Manganese (Mn)

Statistics

Samples 5867

Mean 242.73

Minimum <1.00

Median 48.00

Maximum 38958.00

Std Deviation 969.55

Range 38957.00

Minimum detectable value 1.00

Manganese (Mn)

Stream Waters

ICP-MS and ICP-AES

General diStribution
The concentrations of Manganese (Mn) in stream waters vary by more than four 

orders of magnitude, with an interquartile range of 16–143 µg/l, and a median of 

48 µg/l. These concentrations are higher than the results of a survey of stream 

waters in Wales (median of 21 µg/l) (British Geological Survey, 1999) and of a 

dataset from regional mapping across Europe (median of 16 ug/l) (Salminen 

et al., 2005).

The concentration of Mn in stream waters across Northern Ireland is highly 

variable, probably because of minor local Eh-pH fluctuations which affect the 

solubility of Mn. Notwithstanding, some systematic geogenic variations can 

be observed across the region, with the lowest concentrations recorded over 

granite of the Palaeogene Mourne Mountains Complex and over basalt lava of 

the Palaeogene Antrim Lava Group on the Antrim Plateau. High concentrations 

are particularly associated with the outcrop of the Dalradian Supergroup, the 

outcrop of Lower Palaeozoic rocks in Counties Armagh and Down and the 

Devonian outcrop.

diStribution over metaSedimentary rockS
Mn concentrations over the outcrop of both Moinian and Dalradian successions 

in Northern Ireland invariably exceed the median of the dataset. They are elevated 

in stream waters draining the outcrop of the Dalradian Supergroup in the Sperrin 

Mountains, particularly over the Mullaghcarn (median of 210 µg/l), Glengawna 

(210 µg/l) and Glenelly (130 µg/l) formations. Further north in Co. Londonderry, 

the Claudy Formation also has more widely elevated concentrations.

diStribution over Sedimentary rockS
Lower Palaeozoic strata in the Southern Uplands-Down-Longford Terrane in 

Counties Down and Armagh are associated with highly variable concentrations 

of Mn in stream waters which are difficult to relate to the known geology. Whist 

Mn concentrations in stream waters over the Leadhills Supergroup are generally 

only moderately elevated, the levels in streams flowing over the Gala and Hawick 

groups of the Ards Pensinsula are highly elevated in Mn (>400 µg/l), which may 

be due to the influence of agricultural practices in this area. Highly variable Mn 

concentrations occur over the rest of the Gala Group outcrop in this Terrane. 

Very elevated concentrations are likely to be associated with increased mobility 

of Mn in the reduced Eh conditions of low oxygen marshy drainage, while lower 

concentrations may reflect areas of more oxygenated drainage, limiting the 

solubility of Mn. Areas in which there is a concentration of elevated Mn levels are 

rare but do occur around Poyntz Pass and Crossmaglen in south Co. Armagh.

Streams flowing over the outcrop of the Devonian Shanmullagh Formation in 

the Fintona Block, in west Co. Tyrone, show elevated Mn concentrations (median 

100 µg/l), whilst those over the contemporaneous Gortfinbar Conglomerate 

Formation, south of the Tempo-Sixmilecross Fault, are more moderate (median 

45 µg/l). The outcrop of the putative Devonian Cross Slieve Group in northeast 

Co. Antrim is characterised by streams with much lower Mn concentrations 

(median 8.3 µg/l).

Stream waters flowing over the Carboniferous outcrop in Northern Ireland 

are variable with local variations over one formation being sharply defined but 

typically within the interquartile range. Thus, while low concentrations are found 

over the outcrop of the Benbulben Shale Formation in southwest Co. Fermanagh 

(<16 µg/l), much higher concentrations (>140 µg/l) are found over this formation 

in the outcrop on the south side of Slieve Beagh.

Over the outcrop of Permian and Triassic rocks stream waters typically have 

moderate Mn concentrations, with the outcrop of the Mercia Mudstone Group 

having lower concentrations (median of 10 µg/l) than those over the Sherwood 

Sandstone Group (64 µg/l). The highest concentrations over the Sherwood 

Sandstone Group are found in the area of north Co. Armagh and south Co. Tyrone, 

southwest of Lough Neagh, and along the Lagan Valley, southeast of Belfast.

diStribution over iGneouS rockS
Within the outcrop of the early Ordovician Tyrone Igneous Complex, Mn 

concentrations are generally above the datsaset median, but are more elevated 

over the Tyrone Volcanic Group (median 160 µg/l) than over the Tyrone Plutonic 

Group (median 85 µg/l).

Stream waters over the outcrop of the late Caledonian Newry Igneous 

Complex have moderate Mn concentrations which generally fall within the 

interquartile range, with lower concentrations typical of the Slieve Croob area 

and higher land near Rathfriland in Co. Down.

The outcrop of granite of the Palaeogene Mourne Mountains Complex shows 

low Mn concentrations, with median values of 5 µg/l in streams over the G2 and 

G3 components in the Eastern Mournes Centre and 9 µg/l over the G4 and G5 

components in the Western Mournes Centre. These low concentrations extend 

over the outcrop of the surrounding Hawick Group rocks into which the granite is 

intruded and it is not clear if these lower concentrations reflect the chemistry of the 

Hawick Group or of superficial deposits derived by weathering of the granite.

Low Mn concentrations (median of 22 µg/l) are typical of the outcrop of basalt 

lava of the Palaeogene Antrim Lava group on the Antrim Plateau. Topographically 

higher parts of the outcrop are associated with concentrations below the median, 

whilst Mn levels in the valleys of the River Bann and Bush River are higher.
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Nickel (Ni)

Statistics

Samples 5898

Mean 2.26

Minimum <0.60

Median 1.71

Maximum 68.36

Std Deviation 2.30

Range 67.76

Minimum detectable value <0.60

Nickel (Ni)

Stream Waters

ICP-MS

General diStribution
Concentrations of Nickel (Ni) vary by only two orders of magnitude and 12% of the 

data were below the detection limit (0.6 µg/l). The median concentration was found 

to be 1.7 µg/l, with an interquartile range of 1.0–2.8 µg/l. These values are similar 

to data from a pan-European study (median 1.9 µg/l) (Salminen et al., 2005).

Geogenic controls dominate the distribution of Ni in stream waters. The 

elevated concentrations of Ni over the Lower Palaeozoic rocks of Counties 

Down and Armagh may be related to sulphide mineralisation, which may also 

be the cause of anomalies visible over the Carboniferous outcrop. Elevated 

concentrations in streams over the northern fringes of the Dalradian outcrop in 

Co. Londonderry differ in distribution from many of the trace elements, where 

the anomalies are often associated with higher parts of the Sperrin Mountains. 

High Ni concentrations occur along the western edge of the Antrim Plateau, over 

the outcrop of the Antrim Lava Group. High Ni concentrations also occur over 

the valley of the River Bann. Low to very low concentrations are characteristic 

of the outcrop of granite of the Palaeogene Mourne Mountains Complex and 

of greywacke sandstone of the early Silurian Hawick Group in Lecale and the 

southern part of the Ards Peninsula in southeast Co. Down.

diStribution over metaSedimentary rockS
Concentrations are anomalously low over the outcrop of the Moinian Lough Derg 

Group in the Lough Derg Inlier near Belleek in west Co. Fermanagh (below the 15th 

percentile) and moderately low over the Moinian Central Inlier (median 1 µg/l) in the 

Tyrone Igneous Complex. The outcrop of the Dalradian Supergroup in the Sperrin 

Mountains which is most commonly associated with either anomalously low or 

high concentrations of major and trace elements, has moderate Ni concentrations 

in stream waters (close to the median), as does the Dalradian outcrop in northeast 

Co. Antrim. Anomalously low Ni concentrations occur over the Killeter Quartzite 

Formation, near Castlederg in west Co. Tyrone. High concentrations (median 

3.7 μg/l) are found in stream waters over the outcrop of the Ballykelly Formation 

in north Co. Londonderry with particularly high concentrations in the valley of the 

River Roe (generally >6 µg/l).

diStribution over Sedimentary rockS
Ni concentrations varied widely in stream waters flowing over Lower Palaeozoic 

rocks in the Southern Uplands-Down-Longford Terrane in Counties Down and 

Armagh. Very high concentrations (>6 µg/l) occur east of Newtownards in north 

Co. Down, in a known area of sulphide mineralisation (the Conlig-Whitespots 

base metal mines) and the zone of elevated Ni extends further east than may be 

expected from any urban signature. The largest area of elevated concentrations 

occurs in Co. Armagh, in an area also associated with base metal mineralization, 

the South Armagh-Monaghan Mining District. Stream waters over the remaining 

outcrop of the Leadhills Supergroup and the Gala Group show moderate Ni 

concentrations (medians of 2.4 µg/l and 2.3 µg/l respectively) and isolated high 

concentrations. These may relate to sulphide mineralisation either in the Gala 

Group or in small outcrops of the Moffat Shale Group (median 4.6 µg/l). The 

very low concentrations across the Hawick Group outcrop (median 0.36 µg/l) 

are consistent with a bedrock source of more carbonate-rich greywacke without 

sulphide mineralisation.

The Devonian outcrop in the Fintona Block in Counties Tyrone and Fermanagh 

shows moderate Ni concentrations (median 2.0 µg/l), with isolated high 

concentrations. The outcrop of the Cross Slieve Group in northeast Co. Antrim 

is associated with particularly low Ni concentrations (median 0.84 µg/l).

A strong bedrock control on Ni concentrations in stream waters is seen 

over the Carboniferous outcrop in Northern Ireland. Low concentrations occur 

over upland areas underlain by the Glenade Sandstone Formation, in the area 

of the Fermanagh Highlands west of Enniskillen and on Cuilcagh Mountain, in 

southwest Co. Fermanagh. Low Ni concentrations are also found over the outcrop 

of the early Carboniferous Kilskeery Group around Ballinamallard in the Fintona 

Block, and over the extensive outcrop of the Meenymore Formation on Slieve 

Beagh in southeast Co. Fermanagh. Within the early Carboniferous Tyrone Group, 

elevated Ni levels occur over the combined outcrop of the Ballyshannon Limestone 

(median 3.5 µg/l), Bundoran Shale (3.1 µg/l), Benbulben Shale (3.8 µg/l), and 

Dartry Limestone (2.7 µg/l) formations in Co. Fermanagh. In southeast Co. Tyrone 

similar concentrations are found over much of the outcrop of the Tyrone Group 

there, in particular the Maydown Limestone (3.4 µg/l) and Carrickaness Sandstone 

(median 5.7 µg/l) formations. The outcrop of the Barony Glen Formation in north 

Co. Londonderry has very high concentrations of Ni, with a median value of 

2.9 µg/l, in the Roe Valley. This anomaly is contiguous with that of Dalradian 

sediments in the Roe Valley, but it is not clear if this is a primary bedrock controlled 

geochemical feature, or if it is related to the remobilisation of Ni from Quaternary 

superficial deposits deposited in the valley.

Streams waters flowing over the outcrop of Permian and Triassic rocks show 

moderate Ni concentrations. However, high concentrations do occur over the 

outcrop of the early Triassic Sherwood Sandstone Group straddling the border 

between Counties Tyrone and Armagh, but these may be associated with streams 

draining the area of Carboniferous rocks in the valley of the River Blackwater 

at Benburb.

The outcrop of the Palaeogene (Oligocene) Lough Neagh Group south of 

Lough Neagh has moderately elevated concentrations of Ni, generally between 

the median and 75th percentile of the overall dataset.

diStribution over iGneouS rockS
Stream waters flowing over the early Ordovician Tyrone Igneous Complex have 

low concentrations of Ni, with a median of 1.5 µg/l over the Tyrone Plutonic Group 

and a median of 1.3 µg/l over the Tyrone Volcanic Group.

The outcrop of the late Caledonian Newry Igneous Complex is associated 

with low Ni concentrations in stream waters, with a median concentration of 

0.74–1.2 µg/l for the whole Complex. The area of Slieve Croob gives rise to 

the lowest concentrations, with a small positive anomaly east of Rathfriland, in 

southeast Co. Down.

Concentrations of Ni in stream waters flowing over the outcrop of the 

Palaeogene Mourne Mountains Complex are very low, with most being below 

the detection limit. Concentrations are similarly low over granite of the Slieve 

Gullion Complex.

The outcrop of the Palaeogene Antrim Lava Group on the Antrim Plateau in 

Counties Antrim and east Co. Londonderry is characterised by widely varying 

Ni concentrations in stream waters. Low (<1 µg/l) to moderate (<1.7 µg/l) 

concentrations were found over much of the eastern part of the outcrop, with 

no systematic variation occurring over the Upper Basalt Formation outcrop in 

northeast Co. Antrim, unlike other stream water analytes. A zone of elevated Ni 

concentrations also occurs along the western edge of the Plateau and extends 

westwards onto low-lying topography associated with the valley of the River 

Bann. It is not clear if these elevated values in the Bann valley represent primary 

weathering of Ni from bedrock or the remobilisation of Ni originally derived from 

the basalt lava but now contained within the Quaternary superficial deposits. 

It is also not clear why the mobility of Ni is much higher in the higher ground 

underlain by the Upper Basalt Formation around Cam Forest in Co. Londonderry 

but not over the outcrop of the same formation in northeast Co. Antrim. In general 

the Ni concentration and distribution in stream water does not reflect the high 

concentrations found in the solid phase (cf. the stream sediment image), illustrating 

the importance of solubility controls, as well as source, in determining the aqueous 

concentrations of elements.
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Nitrate (NO3)

Statistics

East

Samples 3059

Mean 6.25

Minimum <0.02

Median 3.78

Maximum 79.75

Std Deviation 8.11

Range 79.73

Minimum detectable value 0.02

West

Samples 2823

Mean 2.19

Minimum <0.20

Median <0.20

Maximum 93.90

Std Deviation 5.84

Range 93.70

Minimum detectable value 0.20

See page 218 for box and whisker 

and historgram plots for Western 

sample locations as shown on 

page 29.

Nitrate (NO3)

Stream Waters

Ion Chromatography

General diStribution
The detection limit (DL) for Nitrate (NO3) was greatly improved between the periods 

of sampling in the west and east of Northern Ireland. As the concentration of NO3 

was low with respect to the DL in the west, many samples (54%) were below the 

DL (0.2 mg/l). The samples in the east were analysed with a DL of 0.02 mg/l, 

resulting in just 10% of the samples being below that concentration. In order to 

present the information in the east without losing the spatial variation of data below 

0.2 mg/l, the two sampling periods have been presented on the map using the 

percentile classification of the 2005 data applied to both east and west. In order 

not to confuse data below the detection limit of the 1990s sampling campaign 

(<0.2 mg/l) with data in the lowest classes of the 2005 sampling campaign, these 

data are coloured grey.

The interquartile range of the data in the east is 0.64–8.6 mg/l, with a median 

3.8 mg/l. These data are similar in distribution to the results of surveys in Europe 

(median 2.8 mg/l) (Salminen et al., 2005) and in Wales (median 3.2 mg/l) (British 

Geological Survey, 1999). However, these data are substantially lower than 

concentrations found in stream waters draining the area of predominantly intensive 

arable production in East Anglia (median 17 mg/l) (BGS, unpublished data).

The regional distribution of NO3 in Northern Ireland can be appreciated more 

readily in the east, but systematic observations on controls can still be made. 

Whilst these variations can be discussed in terms of geological control, it is not 

expected that bedrock lithologies will be the direct source of the NO3. Rather, it is 

the dominant influence of geology with topography and climate that determine the 

suitability of catchments for more or less intensive agricultural production. Where 

there is scope for improving soils to optimise agricultural production net inputs 

of NO3 are expected to increase. Thus the areas dominated by open moorland, 

and low stocking density hill-farming, such as the Mourne Mountains, parts of the 

Antrim Plateau including the high ground over the Dalradian outcrop in northeast 

Co. Antrim and the Sperrin Mountains have the lowest concentrations. Higher 

concentrations occur in many areas of Co. Down, along the valley of the River 

Bann in Co. Antrim and the peripheral tributaries of Lough Neagh. Local positive 

anomalies may reflect contributions from sewage pipe or septic tank leakages 

to aquifers and streams.

diStribution over metaSedimentary rockS
Over most of the outcrop of Moinian and Dalradian successions in Northern 

Ireland NO3 values are below the DL, particularly in areas of high ground. The 

2005 sampling campaign revealed that NO3 concentrations were typically low 

in northeast Co. Antrim while higher values occur in the low-lying parts of the 

west, in areas of increased human settlement and agricultural activity, such as 

the valley of the River Foyle and its tributaries around Strabane.

diStribution over Sedimentary rockS
Over much of the outcrop of Lower Palaeozoic rocks in the Southern Uplands-

Down-Longford Terrane in Counties Armagh and Down, NO3 concentrations in 

stream waters fall within the interquartile range of the 2005 dataset. Localised, 

unusually low concentrations may relate to unimproved marshy areas. Conversely, 

isolated high concentrations may reflect local agricultural practises or the leaking 

of domestic waste to aquifers and stream waters. Two areas of significantly 

higher concentrations are found in Lecale in southeast Co. Down and over north 

Co. Down and the Lagan Valley, southwest of Belfast. The area of north Co. Down 

and the Lagan Valley is one of the most densely populated areas of Northern 

Ireland and this anomaly may thus reflect pollution from domestic sources, while 

the anomaly in Lecale may result from intense agricultural activity.

Stream water samples taken from the outcrop of Devonian rocks in the Fintona 

Block in west Co. Tyrone largely fall within the 1990s survey, and are generally 

below the DL or only slightly higher. Concentrations over the Shanmullagh 

Formation are moderately elevated, but still below the overall dataset median. The 

Cross Slieve Group in the Cushendall-Cushendun area of northeast Co. Antrim 

show more elevated concentrations, with a median value of 1.5 mg/l NO3 in 

stream waters.

Stream waters flowing over the Carboniferous outcrop in Northern Ireland 

have variable NO3 concentrations. Much of the outcrop was sampled in the 1990s 

campaign. However, as a general rule, NO3 concentrations were usually below the 

DL in Counties Fermanagh and Tyrone, with only occasional elevated anomalies. 

One such area of higher concentrations corresponds with the outcrop of the Clogher 

Valley Formation, close to Lough Erne between Enniskillen and Maguiresbridge. 

Concentrations are also higher over the Altagoan and Desertmartin Limestone 

formations, close to Tobermore in southeast Co. Londonderry, where the few 

samples all show relatively high NO3 concentrations (7–26 mg/l).

The outcrop of Permian and Triassic rocks has moderate NO3 concentrations 

elevated above the median of the eastern dataset and are particularly associated 

with the Lagan Valley and the area of Belfast.

The outcrop of the Palaeogene (Oligocene) Lough Neagh Group has stream 

waters with low NO3 concentrations in the area immediately south of Lough 

Neagh, which may reflect the prevalence of marshy land. The Group outcrop 

around Ballymoney in north Co. Antrim is within an area of much higher NO3 

concentrations which extends onto the surrounding outcrop of basalt lava of the 

Palaeogene Antrim Lava Group.

diStribution over iGneouS rockS
The early Ordovician Tyrone Igneous Complex was sampled in the 1990s 

campaign, and data were largely below the detection limit.

The late Caledonian Newry Igneous Complex has moderately elevated NO3 

concentrations over much of its outcrop with median values of 3.7–8.3 µg/l. 

Lower concentrations were observed over more upland areas such as Slieve 

Croob and close to Mullaghbane.

NO3 concentrations are low to moderately low (below the overall dataset 

median) over the outcrop of granite of the Mourne Mountains Complex. These 

levels reflect the largely unimproved nature of this upland area which is used 

mainly for sheep grazing.

A full range of concentrations is recorded over the outcrop of the Palaeogene 

Antrim Lava Group on the Antrim Plateau. Very low concentrations typify the 

outcrop of the Upper Basalt Formation in northeast Co. Antrim, and are similar 

to levels found over the adjacent inlier of the Dalradian Supergroup. Along the 

western edge of the Antrim Plateau NO3 concentrations were generally below the 

DL of the 1990s survey, in keeping with its largely upland nature. Topographically 

lower regions over the outcrop of the Antrim Lava Group, such as along the valley 

of the Bush River and at Coleraine, in the valley of the River Bann, have much 

higher NO3 concentrations of >20 mg/l.

anthropoGenic influenceS
Of all analytes, NO3 is most subject to anthropogenic effects, because its natural 

abundance is low and because it is widely used as a fertiliser.

Non-agricultural sources of NO3 include leaking sewers and septic tanks. 

Such sources could have caused the area of elevated levels along the Lagan Valley 

and in north Co. Down, where population densities are higher than elsewhere. 

These sources may also be responsible for rural hotspots, but are difficult to 

distinguish from agricultural point sources.
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General diStribution
Concentrations of dissolved organic carbon (DOC) in stream waters vary by up to 

three orders of magnitude, with only 1% of samples having a concentration below 

the detection limit of 0.5 mg/l. The interquartile range is contracted, 5.9–13 mg/l. 

The median value of 8.6 mg/l is higher than found in a continental scale survey 

of Europe, which had a median of 5.0 mg/l (Salminen et al., 2005). The higher 

concentrations in Northern Ireland reflect a relatively high proportion of organic 

rich Quaternary superficial deposits.

The concentration of DOC in stream waters varies with terrain and is 

greatest in flows over, or from, upland and lowland organic-rich deposits. Lower 

concentrations are found over areas that are either unsuitable for the formation 

of peat or have mineral-rich soils. The bedrock across Northern Ireland appears 

to lack any lithology which would act as a high solublility, organic carbon source 

and could thus impart a discernable geochemical anomaly to stream waters.

diStribution over metaSedimentary rockS
Concentrations are generally elevated over the outcrop of Moinian and Dalradian 

successions, relative to the wider dataset (median values are generally >8.6 mg/l). 

These values appear to reflect the accumulation in the superficial deposits of 

peat or organic-rich soil, rather than from a significant organic carbon source 

in bedrock. Elevated concentrations are also found over the outcrop of the 

Dalradian Supergroup in northeast Co. Antrim, for example streams flowing 

over the Glendun Formation have a median value of 14 mg/l.

diStribution over Sedimentary rockS
Highly variable DOC concentrations occur across the outcrop of Lower Palaeozoic 

rocks of the Southern Uplands-Down-Longford Terrane in Counties Armagh 

and Down. The lowest concentrations (<4.8 mg/l) are found over the Leadhills 

Supergroup, south of Belfast Lough, and over the Hawick Group in the southern 

part of Lecale in southeast Co. Down. Moderate concentrations, close to the 

median of the dataset, occur across the entire Lower Palaeozoic outcrop in 

Counties Armagh and Down, with isolated elevated concentrations. These isolated 

elevated concentrations may be related to small outcrops of the Moffat Shale 

Group (median 12 mg/l compared to 9 mg/l for the rest of the Lower Palaeozoic 

succession). Such higher concentrations of DOC may also be reflected in an 

increase in the aqueous transport of trace elements, such as Pb and Cu. The 

highest concentrations of DOC are observed over the outcrop of the Gala and 

Hawick groups in the southern half of the Ards Peninsula, where concentrations 

exceed the 95th percentile of the dataset.

Within the outcrop of Devonian rocks in the Fintona Block in west Co. Tyrone, 

there are no systematic variations in DOC concentrations. The median 

concentration of individual formations reflects this and is close to the dataset 

median.

Within the Carboniferous outcrop in Northern Ireland, stream waters have 

low DOC concentrations where bedrock is composed largely of carbonate and 

argillaceous lithologies, particularly in low-lying areas of the Lough Erne basin. 

However, higher concentrations are found over upland areas which lie within the 

outcrop of the Meenymore Formation (median 12 mg/l) and the Glenade Sandstone 

Formation (15 mg/l). Much of the outcrop is associated with concentrations which, 

whilst varying locally, tend to be close to the dataset median.

Concentrations over the outcrop of Permian and Triassic rocks are generally 

close to, or below, the dataset median, with median values of 8 mg/l for the early 

Triassic Sherwood Sandstone Group and 4 mg/l for the late Triassic Mercia 

Mudstone Group.

Streams flowing over the Palaeogene (Oligocene) Lough Neagh Group 

outcrop are associated with very high concentrations (>95th percentile) in the 

area immediately south of Lough Neagh, with moderate concentrations typical 

over the outcrop in north Co. Antrim.

diStribution over iGneouS rockS
Stream waters flowing over the early Ordovician Tyrone Igneous Complex are 

associated with moderate concentrations of DOC, having median concentrations 

of 7.6 mg/l over the Tyrone Plutonic Group and 9 mg/l over the Tyrone 

Volcanic Group.

The outcrop of the late Caledonian Newry Igneous Complex has moderate 

DOC concentrations with little variation in streams flowing across any of the 

three separate granodiorite plutons. This is reflected in the median concentration 

value of 7 mg/l.

The outcrop of granite of the Mourne Mountains Complex shows low 

concentrations of DOC, with median concentrations of <5.7 mg/l. Whilst soil of 

high water content was observed over the outcrop, no extensive peat deposits 

were present, in contrast to many other upland areas in Northern Ireland.

DOC concentrations are variable across the outcrop of the Palaeogene Antrim 

Lava Group on the Antrim Plateau in Counties Antrim and east Co. Londonderry 

and appear to be related more to variations in the topography and terrain, than 

to bedrock controls. Over higher topographical areas within the Group outcrop, 

along the western edge of the Plateau in Co. Londonderry and over the uplands of 

northeast Co. Antrim, DOC concentrations are substantially elevated (>20 mg/l). 

These upland areas are associated with extensive peat deposits and the high 

concentrations of DOC are expected to promote the solubility of elements such 

as Pb and Cu by complexation. More moderate DOC concentrations (close to 

the dataset median) are found in the Bann valley in central Co. Antrim, whilst low 

concentrations are observed over the eastern part of the outcrop of the Lower 

Basalt Formation (<5 mg/l) in east Co. Antrim.

Quaternary Superficial depoSitS
Extensive peat deposits cover upland areas in northeast Co. Antrim, the Sperrin 

Mountains, north Co. Londonderry and in parts of Co. Fermanagh giving rise to 

more organic-rich stream waters.

Organic-rich soils are more characteristic of lowland areas such as those to 

the south of Lough Neagh, and give rise to more organic-rich stream waters. The 

south part of the Ards Peninsula shows particularly high DOC concentrations 

(upper 10% of the overall dataset). Lower concentrations are found over areas with 

more mineral-rich soil, such as over the outcrop of the Lower Basalt Formation in 

east Co. Antrim and over granite of the Mourne Mountain Complex.

anthropoGenic influenceS
Isolated high concentrations are seen in areas such as the lower lying parts 

of Co. Down; some of these may indicate local point sources, including 

leaking sewage systems or agricultural sources, rather than a natural elevation 

of DOC.

Dissolved Organic Carbon

Statistics

East

Samples 3059

Mean 6.25

Minimum <0.02

Median 3.78

Maximum 79.75

Std Deviation 8.11

Range 79.73

Minimum detectable value 0.02

Dissolved Organic Carbon  

(DOC)

Stream Waters

TIC/TOC Analysis
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pH

Statistics

Samples 5906

Mean 7.58

Minimum 2.60

Median 7.66

Maximum 9.95

Std Deviation 0.54

Range 7.35

pH

Stream Waters

General diStribution
The pH value of stream waters varied between 2.6 and 10, with a restricted 

interquartile range of 7.3–7.9 and a median of 7.7. These data are comparable 

with the published data for Wales (median 7.7) (British Geological Survey, 1999) 

and in the FOREGS survey of Europe (median of 7.7) (Salminen et al., 2005).

Changes in pH over much of Northern Ireland are only moderate, but 

systematic variations relate to the pH buffering potential of bedrock. Stream 

waters generally have a low pH over the outcrop of Dalradian metasedimentary 

rocks, particularly in the Sperrin Mountains. The low pH of waters over granite 

of the Mourne Mountains Complex also reflects a low base cation source rock. 

Low values occur over the Palaeogene Upper Basalt Formation of northeast 

Co. Antrim, contrary to expectations of sufficient pH buffering in such a Ca and 

Mg-rich bedrock.

Geochemical controlS on ph
The acidity of soil or stream water is a direct function of the concentration of 

mobile solvated hydrogen ions. This is defined as: ph = - log10 [h
+]

where [H+] is the hydrogen ion concentration in moles per litre. The pH scale 

ranges from 0 to 14, low numbers being acidic, 7 being neutral and high numbers 

being alkaline. In natural waters in the UK, values between 5 and 9 are most 

common, but strongly acid waters occur, for example, in streams draining coal 

and metal mines and in drainage from peat bogs, where humic acids are derived 

from decaying plant material. The dissociation constants of most organic acids 

lie between pH 4 and 4.5. The highest pH values are associated with carbonate-

rich bedrock (limestone).

In streams, short-term variation in pH (up to 1 pH unit) may occur as a result 

of changes in flow conditions, most notably a reduction during, and immediately 

after, storm events, as the balance between groundwater and surface run-off 

to the stream changes. Seasonal variations also reflect changes in rainfall and 

soil biological activity. The use of agricultural lime and fertilisers can also have a 

marked effect on stream water pH, while certain land uses, such as afforestation, 

have a longer-term effect.

With redox potential (Eh), pH is a master variable in solution geochemistry 

and controls the solubility and mobility of many elements. Interpretation of 

geochemical maps of elements in stream waters should always be made with 

reference to the pH distribution in the area.

diStribution over metaSedimentary rockS
pH values are low (<7.0) over the outcrop of Moinian and Dalradian successions 

in the Sperrin Mountains and in the western part of Northern Ireland. Primarily, 

this is a reflection of the absence of basic minerals in the sedimentary protolith 

of both the Moinian Lough Derg Group and the Dalradian Supergroup. The 

valleys of the River Foyle and its tributaries are associated with more elevated pH 

values, which may result from the dissolution of more reactive base-containing 

minerals in Recent alluvium or the amelioration of soil pH by the application of 

agricultural lime.

diStribution over Sedimentary rockS
pH values of >7 are typical of stream waters flowing over Lower Palaeozoic rocks 

in the Southern Uplands-Down-Longford Terrane in Counties Armagh and Down. 

Localised higher values occur over the outcrop of the carbonate-rich Hawick 

Group in the southern part of Lecale in southeast Co. Down. Isolated lower 

values occur across the outcrop of the Gala Group, but rarely fall below 6.8. 

These lower values may reflect local iron sulphide weathering (an acid generating 

process), agricultural liming or local variations in the composition of the bedrock 

or superficial deposits.

Streams flowing over the Devonian outcrop in the Fintona Block in west 

Co. Tyrone are all of moderate pH (>7), with only isolated exceptions over the 

Gortfinbar Conglomerate Formation and less frequently over the carbonate-

cemented Shanmaghery Sandstone Formation.

pH values over 7 are typical of streams flowing over carbonate-rich and 

argillaceous formations within the Carboniferous outcrop in Northern Ireland. Only 

streams flowing over the outcrop of formations such as the Meenymore Formation 

and the Glenade Sandstone Formation show values less than 7.

Streams flowing over the outcrop of Permian and Triassic rocks have pH 

values higher than 7, reflecting the common presence of carbonate minerals in 

these formations.

pH values are lower over the Lough Neagh Group outcrop south of Lough 

Neagh, which may reflect both a lack of carbonate minerals in the bedrock, and 

a more poorly drained soil environment, which could give rise to local Eh-pH 

variations.

diStribution over iGneouS rockS
The early Ordovician Tyrone Igneous Complex is associated with stream waters of 

moderate pH (median 7.3), although thick deposits of Quaternary glaciofluvial sand 

and gravel overlying bedrock could also influence the stream water buffering.

Streams flowing over the late Caledonian Newry Igneous Complex are 

of lower pH, but are still generally greater than 6.8, thus being classified as 

circum-neutral.

Granite bedrock in the outcrop of the Mourne Mountains Complex gives rise to 

stream water pH values of less than 6.7, over the highest parts of the mountains, 

and less than 6.8 at lower altitude.

High land associated with the outcrop of the Upper Basalt Formation of the 

Palaeogene Antrim Lava Group in northeast Co. Antrim has pH values of less than 

6.7, which are unusually low for bedrock with abundant Ca and Mg. These values 

probably result either from flow through the peat overburden or because the faster 

flow does not allow equilibrium with these mineral phases. Most of the outcrop is 

associated with neutral stream waters; isolated lower values presumably relate to 

local variations in the aquifer or overlying Quaternary superficial deposits.

diStribution over Quaternary SedimentS
The presence of thick Quaternary superficial deposits may account for the more 

neutral pH values found in river valleys and across areas of glacial till, although 

human influence through the application of agricultural lime cannot be ruled out. 

Extensive peat may also contribute to a reduction of stream water pH values in 

some areas.
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Potassium (K)

Statistics

Samples 5867

Mean 4.74

Minimum <0.50

Median 2.50

Maximum 168.27

Std Deviation 8.35

Range 167.77

Minimum detectable value 0.50

Potassium (K)

Stream Waters

ICP-MS and -AES

General diStribution
Concentrations vary by less than four orders of magnitude across Northern 

Ireland, with a considerably more restricted interquartile range (0.9–5.5 mg/l) 

and a median of 2.5 mg/l. In Northern Ireland, the abundance of Potassium (K) 

is slightly higher than that of data from the FOREGS study of Europe (1.6 mg/l) 

(Salminen et al., 2005), and the data published for Wales (median 1.5 mg/l) (British 

Geological Survey, 1999).

Regionally, the distribution of K varies according to geological and terrain 

factors, and closely follows the regional pattern of Na. The lowest concentrations 

are associated with upland areas, irrespective of the mineralogical composition 

of the underlying lithologies. These include basalt lava of the Palaeogene Antrim 

Lava Group of northeast Co. Antrim and east Co. Londonderry, granite of the 

Palaeogene Mourne Mountains Complex, and Dalradian metasediments of 

the Sperrin Mountains, west Co.Tyrone and northeast Co. Antrim. The highest 

concentrations are associated with the outcrop of Lower Palaeozoic rocks in 

the Southern-Uplands-Down-Longford Terrane in Counties Armagh and Down 

and with Carboniferous, Triassic and Palaeogene (Oligicene) rocks in Counties 

Tyrone and north Armagh. The outcrop of Devonian and Carboniferous strata in 

the Lough Erne basin show areas of elevated concentrations.

diStribution over metaSedimentary rockS
The outcrop of Moinian and Dalradian successions are typically associated 

with K concentrations in the lower percentile classes. Streams flowing on the 

outcrop of the Moinian Corvanaghan Formation in the Central Inlier in the Tyrone 

Igneous Complex and on the Lough Derg Group in west Co. Fermanagh have low 

concentrations of K, with median values less than 1.9 mg/l. The outcrop of the 

Dalradian Supergroup in the Sperrin Mountains is also associated with stream 

waters with low K concentrations, particularly the Dart, Glenelly, Glengawna 

and Mullaghcarn formations (median concentrations <0.46 mg/l). The psammite 

and semipelite of the Ballykelly and Claudy formations have significantly low K 

concentrations at Loughermore (<1 mg/l), a feature which is not observed in the 

other major ions. Higher concentrations were also found in the valley of the River 

Foyle in northwest Co. Londonderry, although these levels may be associated 

with an unusually thick development of Quaternary superficial deposits and with 

the more frequent and widespread application of agricultural fertiliser.

diStribution over Sedimentary rockS
In Counties Armagh and Down, the outcrop of Ordovician and Silurian strata of the 

Leadhills Supergroup and Gala Group in the Southern Uplands-Down-Longford 

Terrane have stream water concentrations of K which are generally in the upper 

quartile of the overall dataset (>5.5 mg/l). These elevated concentrations occur 

across the Terrane, with no clear control based on the distribution of individual 

tracts. Exceptions to these elevated concentrations occur over the outcrop of 

the Hawick Group in the Lecale district of southeast Co. Down and north of the 

Mourne Mountains Complex, where K levels are near the median.

In the Fintona Block, in southwest Co. Tyrone, the outcrop of the Devonian 

Shanmullagh and Gortfinbar Conglomerate formations shows strikingly elevated 

concentrations, particularly across the outcrop of the former (median 5.2 mg/l).

K concentrations in streams flowing over the Carboniferous outcrop in 

Northern Ireland are quite variable. In Co. Fermanagh, concentrations over the 

early Carboniferous-Viséan) Meenymore and Glenade Sandstone formations, 

which most frequently occur in uplands areas, are low (median concentrations 

<1.3 mg/l). In contrast, high K concentrations, with a median of less than 4 mg/l, 

are typical of the Colebrook and Blackwater rivers which cross the outcrop of 

the Tournaisian Clogher Valley Formation in the Fivemiletown-Augher area of 

Co. Tyrone. In north Co. Armagh, stream waters covering the outcrop of the 

undifferentiated early Carboniferous Armagh Group show the highest median 

concentration 8.7 mg/l in a belt of high K levels that extends eastwards onto the 

Lower Palaeozoic outcrop in Co. Down.

The outcrop of Permian and Triassic strata generally have a moderate 

abundance of K, particularly over the outcrop of the early Triassic Sherwood 

Sandstone Group in the Lagan Valley, southwest of Belfast, and in northwest 

Co. Armagh. This gives rise to the more elevated median concentration of 

5.2 mg/l over this Group compared to 2 mg/l over the late Triassic Mercia 

Mudstone Group.

Concentrations of K are high over the clay-dominated succession of the 

Lough Neagh Group bordering the south shore of Lough Neagh in Co. Armagh, 

with a median concentration of 7 mg/l. The outcrop of the Lough Neagh Group 

in north Co. Antrim has slightly lower concentrations (between the overall dataset 

median and 75th percentile), which may result from the masking effect of the 

thick cover of Quaternary superficial deposits across this area and in the major 

river valleys.

diStribution over iGneouS rockS
The early Ordovician Tyrone Igneous Complex has lower concentrations of K 

over the outcrop of the Tyrone Volcanic Group (median 0.95 mg/l) compared to 

the outcrop of the Tyrone Plutonic Group (2.4 mg/l). It is not clear if this reflects 

differences in the bulk mineralogy of the two Groups or is the effect of selective 

masking of bedrock by thick Quaternary superficial deposits. Concentrations of 

K are generally elevated over the late Caledonian Newry Igneous Complex, with 

median concentrations being greater than 4 mg/l. However, it is evident that 

the central granodiorite pluton is associated with the highest K concentrations 

(median 7.7 mg/l) for this Complex. These elevated levels may be a result of the 

interaction with thick Quaternary superficial deposits in the valley of the Newry 

River which flows over the eastern part of this pluton.

Streams flowing over granite of the Palaeogene Mourne Mountains Complex 

are characteristically low in K, with a median value of 0.3 mg/l. However, the 

influence of granite in the Eastern Mournes centre does not appear to extend 

southeastwards onto the Mourne Plain which is underlain by the Hawick Group 

but which is also covered by very thick Quaternary superficial deposits.

Variations in the concentration of K across basalt lava of the Palaeogene 

Antrim Lava Group on the Antrim Plateau appear to be controlled principally 

by topography. The lowest concentrations are associated with high ground 

on the western edge of the Plateau and over the outcrop of the Upper Basalt 

Formation in northeast Co. Antrim. These areas have concentrations generally 

below the 15th percentile of the overall dataset. The remainder of the outcrop 

of the Antrim Lava Group is associated with concentrations close to the overall 

dataset median with exceptions south of Lough Neagh and along the valley of 

the lower River Bann where concentrations generally exceed the 75th percentile 

of the overall dataset.
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Sodium (Na)

Statistics

Samples 5867

Mean 13.85

Minimum 0.79

Median 12.10

Maximum 698.00

Std Deviation 12.37

Range 697.21

Minimum detectable value 0.20

Sodium (Na)

Stream Waters

ICP-AES

General diStribution
Concentrations vary by four orders of magnitude across Northern Ireland, although 

the interquartile range (9.1–16 mg/l) is considerably more restricted, with an overall 

median of 12 mg/l. This median is twice that of data from the FOREGS study 

of Europe (6.6 mg/l) (Salminen et al., 2005) and the estimated ‘world average’ 

of Reimann and de Caritat (6.1 mg/l) (1998). Data from this study are closer to 

the abundance measured in Wales (median 9 mg/l) (British Geological Survey, 

1999) and it is likely the UK studies, compared with those of Europe, reflect the 

relative proximity of the sea.

The concentration of Sodium (Na) in stream waters shows a strong 

correlation with rainfall and altitude, which indirectly reflects geological control. 

The resistate uplands, comprising metasedimentary rocks, granite and basalt 

lava are associated with the highest rainfall in Northern Ireland and with the 

lowest abundance of Na. The Lower Palaeozoic lowlands in the southeast part 

of Northern Ireland are generally associated with much higher concentrations, 

particularly in streams along the Ards Peninsula.

diStribution over metaSedimentary rockS
Concentrations of Na are low over the outcrop of the Moinian and Dalradian 

successions in west Co. Fermanagh (Belleek), west Co. Tyrone (Killeter), in the 

Sperrin Mountains and in the Dalradian inlier in northeast Co. Antrim. Within 

the outcrop of the Dalradian Supergroup in the Sperrin Mountains, median Na 

concentrations of 5.4–6.8 mg/l are found over the Dart, Glenelly, Glengawna and 

Mullaghcarn formations.

diStribution over Sedimentary rockS
Na concentrations are highest over the outcrop of Lower Palaeozoic rocks in the 

Southern Uplands-Down-Longford Terrane in Counties Armagh and Down and 

in particular on the Ards Peninsula and in the Lecale area of southeast Co. Down 

(generally >25 mg/l). These levels may reflect the low altitude of the area, as well 

as Na contributions by rain and by salt spray from Strangford Lough and the Irish 

Sea, and with an input from Quaternary glaciomarine sediments (McCabe and 

Dunlop, 2006). This control appears to be significantly more important than the 

influence of local geological variations in the Lower Palaeozoic bedrock.

Na concentrations over the outcrop of the Devonian Shanmullagh Formation 

(median 17 mg/l) in the Fintona Block are moderately elevated in comparison 

to the surrounding Carboniferous strata, whilst those of the contemporaneous 

Gortfinbar Conglomerate Formation, south of the Tempo-Sixmilecross Fault, are 

close to the median concentration of the overall dataset.

Stream waters flowing over the Carboniferous outcrop in Northern Ireland are 

generally associated with moderate Na concentrations, with most samples falling 

within the interquartile range. Exceptions to this are the very low concentrations 

(<9 mg/l) associated with the outcrop of the early Carboniferous Meenymore 

Formation in upland areas of Slieve Beagh, in southeast Co. Fermanagh.

The outcrops of Permian and Triassic sediments have Na concentrations 

close to the mean of the overall dataset. The highest concentrations are from 

the outcrop of the early Triassic Sherwood Sandstone Group in an area of low 

elevation southwest of Lough Neagh.

Stream waters over the outcrop of the Palaeogene (Oligocene) Lough Neagh 

Group have very high concentrations of Na, with an interquartile range of 17–

26 mg/l. These sediments generally occupy areas of topographic depression, 

which are associated with higher Na concentrations, apparently independent of 

underlying lithology to the south of Lough Neagh, and along the Bann valley of 

Co. Antrim, although these low-rank coals and recent clays could contain NaCl 

rich pore-waters.

diStribution over iGneouS rockS
The outcrop of the early Ordovician Tyrone Igneous Complex shows low Na 

concentrations in streamwaters, generally <25th percentile of the overall dataset, 

with medians of 8–9 mg/l. Over parts of the Complex these concentrations may 

also reflect a very thick cover of Quaternary superficial deposits.

Stream waters on the outcrop of the late Caledonian Newry Igneous Complex 

show a range of compositions. In upland areas the granodiorite plutons have 

moderate concentrations (median values of ~12 mg/l). Within the Complex, 

elevated Na concentrations (median 17 mg/l) are restricted to the low-lying area 

along the valley of the Newry River, within the outcrop of the central pluton. These 

levels follow the observed pattern that higher Na concentrations are preferentially 

associated with areas of low to moderate altitude and probably reflect the 

chemistry of the Quaternary superficial deposits rather than the bedrock.

Streams flowing over the outcrop of granite of the Mourne Mountain Complex 

have exceptionally low concentrations of Na (median value 5.8–6.3 mg/l), and 

are clearly distinguishable as a negative anomaly on the map.

The outcrop of basalt lava of the Palaeogene Antrim Lava Group shows a wide 

variation in Na levels in stream waters. The lowest Na concentrations, equivalent to 

levels measured over the Sperrin and Mourne mountains, occur over the outcrop 

of the Upper Basalt Formation forming high ground in northeast Co. Antrim. In 

the area around Lough Neagh, including the Bann valley, concentrations are 

very elevated in relation to the overall dataset. The highest Na concentrations 

are associated with the outcrop of the Causeway Tholiietic Member along the 

coast of north Co. Antrim, and the outcrop of the Lower Basalt Formation on 

Island Magee in east Co. Antrim. These concentrations are similar to the Lower 

Palaeozoic rocks of the Ards Peninsula.

anthropoGenic influenceS
Localised contamination can result in increased Na concentrations; an example 

of this is found in at least one locality on the Ards Peninsula, with a very high 

concentration (>180 mg/l) which was associated with a discolouration on the 

water surface when sampled. 
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Sulphate (SO4)

Statistics

Samples 5867

Mean 14.68

Minimum 0.25

Median 10.54

Maximum 359.65

Std Deviation 17.47

Range 359.41

Minimum detectable value 0.30

Sulphate (SO4)

Stream Waters

ICP-AES

General diStribution
Sulphate (SO4) concentrations vary by three orders of magnitude across Northern 

Ireland. The interquartile range of 5.6–18 mg/l is restricted, and the dataset median 

is 11 mg/l. These data compare closely with those of Wales (median 14 mg/l) 

(British Geological Survey, 1999) but are lower than the data collected over 

Europe (median 16 mg/l and 75th percentile of 43 mg/l) (Salminen et al., 2005). 

These lower abundances may be explained by the scarcity of SO4 minerals in 

the bedrock of Northern Ireland.

Major variations in SO4 concentrations across Northern Ireland are governed 

by geological and topographical controls. Low concentrations are found on high 

ground where bedrock consists of Moinian or Dalradian metamorphic rocks, 

over the outcrop of Palaeogene granites of the Mourne Mountains, and over the 

outcrop of the Palaeogene Upper Basalt Formation along the eastern margin of 

the Antrim Plateau. More elevated concentrations are found over the Ordovician 

Leadhills Supergroup and over the Ordovician-Silurian Gala Group of the Ards 

Peninsula in east Co. Down. Carboniferous bedrock, overlain by Quaternary 

superficial deposits in the valleys of the Colebrook and Blackwater rivers in 

Counties Fermanagh and Tyrone, and rivers flowing into the southwest side of 

Lough Neagh, are also associated with elevated SO4. High concentrations in many 

coastal sites may be influenced by the sea or may reflect SO4-rich groundwater 

in Quaternary marine deposits.

diStribution over metaSedimentary rockS
These strata are characterised by low SO4 concentrations. Very low concentrations 

are typical of the inlier of Moinian rocks near Belleek in west Co. Fermanagh and 

the Central Inlier in Co. Tyrone. This is also the case over the outcrop of the 

Dalradian Supergroup that forms the highest ridge of the Sperrin Mountains 

and includes the Dart, Glenelly, Glengawna and Mullaghcarn formations. Near 

Killeter, in northwest Co. Fermanagh, concentrations are moderate over the Lough 

Mourne and Lough Esk formations but still contribute more than 20% of the total 

dissolved anion loading. Low SO4 concentrations are also observed over the 

Dalradian rocks of the Lack Inlier in west Co. Tyrone. Very high concentrations 

occur over the outcrop of the Ballykelly Formation, in the lower reaches of the 

valley of the River Roe (>20 mg/l), and contrast greatly with levels over the same 

formation on Loughermore (<10 mg/l). This high concentration in a low-lying 

area may be associated with a cover of Quaternary superficial deposits. High 

SO4 concentrations occur along the valley of the River Foyle downstream from 

Strabane and in tributary valleys of the Rivers Derg and Strule.

diStribution over Sedimentary rockS
SO4 concentrations over the Lower Palaeozoic outcrop in the Southern Uplands-

Down-Longford Terrane in Counties Armagh and Down appear to be moderately 

elevated over the Leadhills Supergroup (median 21 mg/l), and over the Ordovician 

Gala Group tracts in north Co. Down. The Silurian Gala Group tracts and the 

outcrop of the Hawick Group show lower concentrations, generally close to the 

dataset median. More elevated concentrations over the Gala Group outcrop in 

the northern part of the Ards Peninsula in east Co. Down exceed that expected 

due to the proximity of the sea and may reflect a lithological control. In these 

samples, SO4 accounts for more than 20% of the total anions. Elevated SO4 

concentrations around Strangford Lough may be due to the presence of marine 

sediments in the Quaternary superficial deposits (McCabe and Dunlop, 2006) or 

may result from the oxidation of sulphide minerals.

The Devonian outcrop in the Fintona Block shows moderate concentrations 

in stream waters, with an increase in the area adjacent to Lower Lough Erne. 

South of the Tempo-Sixmilecross Fault, SO4 concentrations are lower over the 

Gortfinbar Conglomerate Formation, which occupies a more topographically 

elevated area of land than the Shanmullagh Formation.

Over the Carboniferous outcrop, SO4 concentrations are elevated in the valley 

of the River Blackwater in Counties Armagh and Tyrone over the outcrop of the 

Viséan Maydown Limestone (median 26 mg/l) and Clogher Valley formations 

(median 19 mg/l). Elevated concentrations also occur around Upper and 

Lower Lough Erne over the early Carboniferous Bundoran Shale, Mullaghmore 

Sandstone and Benbulben Shale formations. Low concentrations (<5.6 mg/l) 

occur over upland areas underlain by the Meenymore and Glenade Sandstone 

formations.

Over the outcrop of the late Triassic Mercia Mudstone Group, in east 

Co. Antrim elevated SO4 concentrations may be associated with dissolution 

of evaporite minerals. SO4 concentrations over the outcrop of the early Triassic 

Sherwood Sandstone Group are elevated (>20 mg/l), particularly in the outcrop 

south of Lough Neagh.

Over the Palaeogene (Oligocene) Lough Neagh Group SO4 levels are generally 

elevated, particularly over the outcrop around Lough Neagh.

diStribution over iGneouS rockS
SO4 concentrations over the Tyrone Plutonic Group part of the early Ordovician 

Tyrone Igneous Complex are moderate, with values generally close to the 

dataset median. Levels are typically low (median 5.0 mg/l) over the Tyrone 

Volcanic Group.

The outcrop of granodiorite of the late Caledonian Newry Igneous Complex 

shows moderate SO4 concentrations, at or slightly above the dataset median.

Streams flowing over granite of the Palaeogene Mourne Mountains Complex 

show uniformly low concentrations, with the lowest (<2 mg/l) recorded at Spelga 

Dam, over the outcrop of the Hawick Group. SO4 concentrations over the 

Palaeogene Slieve Gullion Complex are closer to those of the Newry Igneous 

Complex than to those of the Mourne Mountains Complex.

On the Antrim Plateau in Co. Antrim and east Co. Londonderry, SO4 

concentrations over basalt lava of the Palaeogene Antrim Lava Group appear to 

be controlled by topography. Thus, concentrations are extremely low (generally 

<3 mg/l) over the outcrop of the Upper Basalt Formation on high ground in 

northeast Co. Antrim and along its outcrop in east Co. Londonderry. However, 

high SO4 concentrations (above the 75th percentile) occur over the lower reaches 

of the River Bann and the Bush River on the north coast of Co. Antrim. Elsewhere 

streams flowing over the basalt terrain have moderate SO4 concentrations, close 

to the overall dataset median.

diStribution over Quaternary SedimentS
Significant SO4 concentrations may occur in marine sediments that form part of 

the cover of Quaternary superficial deposits around Strangford Lough (McCabe 

and Dunlop, 2006).

anthropoGenic influenceS
Sulphide weathering is generally enhanced by mining activities and where 

extraction has taken place there may be enhanced concentrations of SO4. 

Localised sources, such as agricultural effluent, may also affect individual 

sampling sites.
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General diStribution
Concentrations of Zinc (Zn) in stream waters vary by four orders of magnitude, with 

only 6% of the data falling below the detection limit of 0.7 µg/l. The interquartile 

range is 1.3–4.6 µg/l, with a median of 2.3 µg/l. These data are comparable to 

the results of a baseline study of Europe (median 2.7 µg/l) (Salminen et al., 2005), 

but substantially lower than a survey of part of eastern England, where there is a 

median value of 7.7 µg/l (British Geological Survey, Unpublished data).

The distribution of Zn in stream waters is highly variable, with localised effects 

showing more geological correlation than large-scale systematic variations. Over 

the outcrop of the Dalradian Supergroup, anomalous Zn concentrations occur east 

of the Roe Valley in Co. Londonderry, with other areas of elevated concentrations 

occurring further south towards the Sperrin Mountains. Geologically controlled 

variation can be observed in areas of more elevated levels in Counties Down 

and Armagh over Lower Palaeozoic rocks and over the Carboniferous outcrop. 

Areas with high Zn concentrations over bedrock of the Antrim Lava Group include 

northeast Co. Antrim, and to a lesser extent along the western edge of the outcrop 

in Co. Londonderry. Much of the rest of the outcrop of this Group is associated 

with moderate to low concentrations, generally below the overall dataset median. 

This outcrop area also has strong localised anomalies, which do not appear 

related to systematic geological controls.

diStribution over MetaSediMentary rockS
Concentrations are moderately low over the outcrop of the Moinian Lough Derg 

Group in west Co. Fermanagh, with a median value of 1.0 µg/l, although values 

in stream waters from over the outcrop of the Corvanaghan Formation, in the 

Central Inlier in Co. Tyrone, are closer to the overall dataset with a median value 

of 2.9 µg/l. An area of moderately elevated Zn values that covers the Dalradian 

outcrop in the central Sperrin Mountains also extends north into an area not 

associated with elevated values in many other analytes. The area of highest 

concentrations is at Loughermore, in northeast Co. Londonderry, where values 

are generally in the upper quartile of the dataset, and the median concentration 

for the Ballykelly and Claudy formations is 4.9 and 5.3 µg/l respectively. The 

Mullaghcarn (median 4.7 µg/l) and Glengawna (5.3 µg/l) formations show similar 

Zn concentrations.

diStribution over SediMentary rockS
The Lower Palaeozoic outcrop in the Southern Uplands-Down-Longford Terrane 

of Counties Down and Armagh is associated with very variable concentrations 

of Zn in stream waters. Elevated concentrations are particularly visible over the 

Ards Peninsula in east Co. Down and in southwest Co. Armagh, both areas 

in which sulphide mineralisation occurs. Lead was previously mined at the 

Conlig-Whitespots Mines near Newtownards in north Co. Down, and the area 

of elevated Zn concentrations extends southwards down the Ards Peninsula, 

until the Hawick Group is reached. The outcrop of the Hawick Group in Lecale, 

east of Dundrum, generally shows moderate Zn concentrations, although isolated 

positive anomalies occur. Higher concentrations are found close to the coastal 

town of Newcastle in southeast Co. Down, but more moderate concentrations 

are observed over the Mourne Plain southeast of the Mourne Mountains. Isolated 

high concentrations are commonly associated with outcrops of the Moffat Shale 

Group (median 4.2 µg/l), and probably originate from the organic- and sulphide-

rich nature of the bedrock.

The outcrop of Devonian bedrock in the Fintona Block in west Co. Tyrone 

is associated with moderate concentrations of Zn, close to the overall dataset 

median, with the highest concentrations located over the Shanmullagh Formation, 

north of the Tempo-Sixmilecross Fault (median 2.9 µg/l). These moderate 

concentrations are also seen over the Devonian outcrop in northeast Co. Antrim, 

with a median concentration of 2.5 µg/l over the Cross Slieve Group.

The Carboniferous outcrop in Northern Ireland is associated with regions of 

anomalously high Zn concentrations. These occur particularly to the southwest 

of Lough Neagh and northeast of Upper Lough Erne, in Co. Fermanagh. The 

latter anomaly extends across the combined outcrop of the early Carboniferous 

Clogher Valley, Ballyshannon Limestone, Bundoran Shale, Benbulben Shale, 

Dartry Limestone and Meenymore formations. The anomaly is typified by 

concentrations in the upper quartile of the dataset, with particularly elevated 

samples (>10 µg/l) over the Ballyshannon Limestone and Meenymore formations. 

High Zn concentrations are also observed over the Carboniferous outcrop east 

of Aughnacloy, where concentrations are typically in the upper quartile of the 

overall dataset distribution.

The outcrop of Permian and Triassic rocks is generally associated with 

moderate to low Zn concentrations, such as over the Mercia Mudstone Group 

along the coastal outcrop in east Co. Antrim. Median values are 2.4 µg/l over the 

Sherwood Sandstone Group and 1.4 µg/l over the Mercia Mudstone Group.

The outcrop of the Palaeogene (Oligocene) Lough Neagh Group has very high 

concentrations of lead in streams over its outcrop area south of Lough Neagh 

(including some samples in the upper 1% of the dataset). This may be related to 

localised Eh-pH effects, and the high DOC recorded in this area. The outcrop 

around Ballymoney, in north Co. Antrim, has much lower concentrations, which 

may reflect the presence of a thick cover of glacial till containing basalt clasts 

in this region.

diStribution over iGneouS rockS
The outcrop of the early Ordovician Tyrone Igneous Complex is associated with 

stream waters that are generally around the overall dataset median, but with 

isolated positive anomalies.

Stream waters over the outcrop of granodiorite of the late Caledonian Newry 

Igneous Complex are mostly elevated in Zn, with median concentrations of 1.8–

2.7 µg/l.

Over the outcrop of granite of the Palaeogene Mourne Mountains 

Complex, Zn concentrations in stream waters are generally close to the overall 

dataset median.

The outcrop of basalt lava of the Palaeogene Antrim Lava Group on the 

Antrim Plateau in the northeast part of Northern Ireland have highly variable Zn 

concentrations which do not appear to correlate with different basalt formations. 

The outcrop of the Upper Basalt Formation in northeast Co. Antrim, such as at 

Collin Top, and along the western edge of the Plateau in east Co. Londonderry 

are areas of positive Zn anomalies, These anomalies coincide with anomalous 

concentrations in other analytes. In the valley of the River Bann, north of Lough 

Neagh, there is a series of significant positive Zn anomalies in a region of otherwise 

generally low concentrations. It is likely that these relate to localised contaminant 

sources, or remobilisation of anthropogenic Zn, as this is a metal ubiquitous in 

many industrial settings. 

Zinc (Zn)

Statistics

Samples 5899

Mean 5.40

Minimum 0.13

Median 2.29

Maximum 363.00

Std Deviation 12.90

Range 362.87

Minimum detectable value 0.20

Zinc (Zn)

Stream Waters

ICP-MS
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Geophysical survey

Mike Young, David Beamish, Baz Chacksfield,  
Dave Jones, Derek Reay, Cathy Scheib,  
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introduction
The Tellus low-level airborne geophysical survey flown in 2005 and 2006 was the 

first regional geophysical survey of Northern Ireland for 45 years. Since that earlier 

survey the technology of remote sensing of geophysical signals and the numerical 

processing of data have greatly advanced. The new maps and imagery of the 

Tellus survey reveal details of concealed geological structures for the first time. 

These results enhance our understanding of the geological history of Northern 

Ireland, contribute to the exploration for natural resources, and provide baseline 

data for the sustainable management of our environment. Some of the imagery 

produced and their applications in different fields of natural resources exploration 

and environmental management are illustrated here.

the scope of airborne geophysical surveying
Geophysics is the study of the physical properties of the Earth. These include 

three whose effects we can readily measure from a moving aircraft:

magnetisation•	

electrical conductivity •	

radioactivity.•	

These three physical properties vary between different rock types. 

Geophysicists measure these variations and interpret the results in terms of 

geology. Airborne geophysical methods are particularly useful for mapping 

regions, such as Northern Ireland, where a superficial layer of glacial cover or 

peat widely obscures the solid geology beneath.

The survey aircraft flies along a network of parallel lines, taking regular readings 

at intervals of between one tenth of a second and one second. The position of 

the aircraft is recorded simultaneously with a global positioning system (GPS) 

and the height measured with a radar altimeter. The data are recorded digitally, 

post-processed to remove electronic noise and local spatial or temporal effects, 

and are standardised to a constant elevation and time. Results are typically 

produced as coloured images, in which higher values of the different parameters 

are shown in red and lower values in blue. Numerical filters may be applied to the 

results to enhance trends or features of interest.

previous regional geophysical surveys in northern ireland 
The results of previous regional geophysical surveys in Northern Ireland and their 

interpretation have been described by Reay (2004). The most significant were:

An airborne magnetic survey of 1959-60. This survey covered all of •	

Northern Ireland with north-south flight lines spaced 2 km apart. Nominal 

height above the ground (‘terrain clearance’) was 305 m.

A ground gravity survey of 1959–60, when 10,488 stations at an average •	

distribution of one per 1.24 km2 were occupied.

These integrated data were interpreted regionally by Carruthers et al (1999). 

These early surveys outlined the principal features of the regional geology of 

Northern Ireland, notably those intrusive and extrusive rocks which display 

significant contrasts of magnetisation and density with their surroundings. These 

surveys provided the basis for interpreting the broad structural setting of Northern 

Ireland and, with other offshore, British and Irish data, located Northern Ireland in 

the context of the structures of northwest Europe and the continental shelf. 

The Tellus survey, flown at a lower altitude, along more closely spaced lines 

and with significantly more sensitive equipment, has provided a wealth of new 

detail. An overview of these results has previously been presented by Beamish 

and Young (2009).

the tellus airborne geophysical survey of 2005–6
The objective of the airborne geophysical survey was to acquire high-resolution 

magnetic (MAG), radiometric (RM) and electro-magnetic (EM) survey data, which 

would improve existing geological mapping, particularly over those large areas of 

Northern Ireland covered in glacial overburden and peat, promote exploration for 

minerals, complement the environmental baseline information of the geochemistry 

survey and provide basic geo-science data of high quality for research. 

The survey operation and data processing were undertaken by the Joint 

Airborne-geoscience Capability (JAC), a joint venture between the British 

Geological Survey (BGS) and the Finnish Geological Survey (GTK) (Beamish et 

al., 2006 a,b).

The de Havilland Canada DHC-6 Twin Otter aircraft carried a crew of four: 

pilot, co-pilot, navigator and geophysical equipment operator. 

The survey was undertaken in two field seasons:

Western areas: July 2005 – September 2005, operating from •	 Enniskillen 

and City of Derry airports

Eastern areas: March 2006 – June 2006, operating from Newtownards •	

airport.

The geophysical equipment is listed in Table 16 and described by Lavaniemi 

et al., (2009). During the 2005 campaign a two frequency EM system with 

magnetometers in the wing tips was used. In 2006 this system was upgraded 

to four EM frequencies and the right-wing magnetometer sensor was relocated 

in a new nose-cone.

data processing
The flight paths were recorded by the GPS system using the WGS-84 geodetic 

reference system. For data processing and map production WGS coordinates 

were converted into Irish Grid (1975) coordinates, according to the specification 

in Table 17. Airborne data were processed by the GTK and the BGS (BGS, 

2007). Table 18 summarises the main processing software used and data 

transformations applied.

After correction, data along flight lines were translated to a regular grid or net, 

with a cell size of 50 x 50m. The gridded data were contoured or imaged using 

the industry standard software, Geosoft Oasis montaj™. 

The principal datasets are:

Total magnetic intensity (TMI) anomaly (TMI – IGRF)•	

Horizontal magnetic field gradient•	

Radioactivity: total gamma count•	

Radioactivity: equivalent uranium•	

Radioactivity: equivalent thorium•	

Radioactivity: potassium•	

EM low frequency; in-phase and quadrature responses and apparent •	

electrical conductivity

EM high frequency; in-phase and quadrature responses and apparent •	

electrical conductivity

The TMI may be filtered numerically to enhance or attenuate components of 

the signal. These filtered grid data are imaged in adaptable colour ranges and 

artificially ‘illuminated’ from different directions to enhance features of interest. 

Judicious use of different filters allows the characteristics of different geological 

structures to be distinguished.

Geophysical images of the magnetic and electromagnetic data were generated 

as colour shaded relief images using a modified equal-area colour scale. Each 

equal-area colour scale was adjusted interactively to provide more colours 

covering the middle part of the data range and to remove the oversaturated red 

and blue colours at the top and bottom ends of the colour scale.

Radiometric data were processed in accordance with IAEA guidelines (IAEA, 

2003). The radiometric images were generated as flat red-green-blue colour 

images. The Total Count (TC) and single element Uranium (eU), Thorium (eTh) 

and Potassium (K) images used a 256 red-green-blue colour scale. The Ternary 

image (TER) combines the signals from eU (blue), eTh (green) and K (red) parts 

of the spectrum.

Selected images of the primary and filtered grid data are shown here. Selected 

gravity images, which complement the magnetic results are also reproduced.
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Aircraft De Havilland Canada DHC-6 Twin Otter Series 300

magnetometers 

(two)

Scintrex Caesium Vapour Model CS2

Sampling Total magnetic intensity in two separated sensors

Sensor separation 21.36 m, wingtip mount in 2005, 

10.7 m, wingtip and nose-stinger mount in 2006

Base stations 

(two)

Scintrex Caesium Vapour Model CS2

Sensitivity 0.001 nT

Sampling interval 0.1 sec (~ 7 metres)

Gamma-ray 

spectrometer

Exploranium Model GR-820/3

(32 litres down ward looking detector, 8 litres upward 

looking, 256 channels)

Sampling Gamma ray flux between 0.3 and 3.0 MeV

Sampling interval 1.0 sec (~70 metres)

electromagnetic 

(EM) system

Geological Survey of Finland vertical co-planar

Recording In-phase and quadrature responses

Frequencies In 2005: 3.125 & 14.368 kHz

In 2006: 0.912, 3.005, 11.962 and 24.510 kHz

Coil separation 21.36 m, located in pods at wing tips

Sampling interval 0.25 sec (~17.5 metres)

navigation Ashtec GG-24, GPS + Glonass GPS

Radar Altimeter Collins

Sampling interval 1.0 sec (~70 metres)

Flight line spacing 200 metres

Flight line 

direction

165 and 345 degrees

Tie line spacing 2000 metres (over western N Ireland only)

Tie line direction 075 and 255 degrees

Ground clearance Nominal 56 metres (rural), 244 metres (urban)

IRISH GRID (1975) National Datum

Datum TM65 - Ireland

Projection Transverse Mercator  

(Gauss Conformal)

True Origin Lat. 53° 30´North, 8° 00´ West

False Easting, Northing 200,000 m, 250,000 m

Scale factor on central meridian 1.000035

Reference Ellipsoid Airy (modified)

Semi-major axis (a) 6 377 340.189 m

Eccentricity (e2) 0. 0006 670 540

Software Geological Survey of Finland software suites

Geosoft Oasis montaj™

Magnetics Diurnal correction

Lag and heading correction

Aircraft noise removal

Virtual tie-line levelling

Conversion of two sensor data to single and gradient 

channels

Micro-levelling

Removal of regional field (International Geomagnetic 

Reference Field, 2005 version)

Gamma–ray 

spectrometry

Dead time correction

Background correction

Radon correction

Barometric correction

Elemental stripping and equivalent concentration 

calculation (three windows)

Levelling of total count (TC) and equivalent uranium (eU) 

channels

Electro-magnetics

(In-phase and 

quadrature)

Pre-levelling: Linear and non-linear drift corrections 

applied interactively

Zero level adjustment

Micro-levelling

System calibration coefficients applied

Apparent resistivity calculated 

Table 16

Geophysical equipment and survey specification

Table 17

Data delivery coordinate system

Table 18

Processing software and data transformation
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maGnetic field
Airborne magnetometers detect small changes in the magnetic field of the 

Earth. The ambient magnetic field of the Earth is distorted by the local fields of 

magnetised rocks. Rock magnetism comprises two components: a component 

of magnetisation induced by the influence of the present Earth’s magnetic field 

on magnetic minerals (principally magnetite) and a permanent (or remanent) 

magnetisation introduced into the rock, usually at the time of formation.

The results of previous studies of the magnetisation of Northern Ireland have 

been presented by Wilson (1961) and Reay (2004). Rocks and formations vary 

in the intensity and direction of magnetisation. Variations in the intensity of the 

measured magnetic field indicate variations in geology beneath the aircraft. The 

total magnetic intensity (TMI) incorporates magnetic fields of formations deep 

within the Earth and of magnetised rocks nearer the surface.

Figure 9.1 shows the primary total magnetic intensity (TMI) anomaly image 

of Northern Ireland. The principal magnetic features or anomalous areas visible 

at the regional (or small) scale include the following:

Over Co. Antrim, the magnetic anomaly of the Palaeocene Antrim •	

Lava Group is prominent (features M1a-M1e). The basalts are strongly 

magnetised and show both positive and reversed magnetisation. 

Lineaments indicate boundaries between lava flows, faults and major 

regional structures.

The intrusions of the •	 Palaeogene Mourne Mountains Complex (2a) 

and Slieve Gullion Complex (M2b), and the Caledonian Newry Igneous 

Complex (M2c-M2d) in south Co. Down and Co. Antrim have prominent 

circular or elliptical magnetic expressions and positive magnetisation. 

Structures and textures within these anomalies characterise different ages 

of intrusion or later cross-cutting intrusions.

Swarms of •	 dykes intrude all areas except the northwest. At least four 

generations of dykes are recognised, each having characteristic polarity, 

orientation and thickness (Figure 9.4) (Cooper et al., 2012).

The •	 Tyrone Igneous Complex (M3a-M3b), an Ordovician Island 

Arc remnant shows complex magnetic texture. The complex is 

contemporaneous with and part of the same Ordovician island arc as 

mineral-rich areas of Newfoundland and New Brunswick.

Other features discernable at the regional scale are magnetised •	

metamorphic lithologies in the Dalradian Supergroup (M4a) in the 

northwest.

Other isolated anomalies, such as in the far southwest (M5), indicate •	

deep magnetic rocks of uncertain provenance, probably in the basement 

beneath Carboniferous sediments.

These features and their significance are described and are further illustrated by 

reference to various filtered magnetic images. Reference should be made to the 

1:250,000 Bedrock Geology Map.
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Images derived from the total magnetic intensity (TMI) anomaly are:

Figure 9.2. RTP (total magnetic intensity - reduced-to-pole)

The earth’s magnetic field in Northern Ireland is orientated at slightly west of true 

north and inclines at 68-70° to the vertical. As a consequence the magnetic field 

anomaly over a body with induced magnetisation has both positive and negative 

peaks. The reduction to the pole filter changes the amplitude and shape of the 

TMI anomaly to the shape it would be if the magnetising field were vertical, thus 

removing the dipolar effect. The process thus simplifies the magnetic field image. 

However, some prominent anomalies in Northern Ireland also show remanent 

magnetisation due to magnetisation at a time when the field direction may have 

been different from or even opposite to the present direction.

Figure 9.3. RTP-VD (vertical derivative of the reduced-to-pole filter)

The vertical derivative of the RTP indicates how rapidly the magnetic intensity 

reduces with height and serves to emphasise relatively shallow magnetic 

sources.

Figure 9.4. Dyke swarm interpretation

Figure 9.5. PG (pseudo-gravity)

According to Poisson’s relation, for bodies with uniform susceptibility and density 

contrast, the magnetic potential is directly proportional to the derivative of the 

gravity potential in the direction of magnetisation. This property is used to calculate 

the expected, or pseudo-gravity, anomaly from the RTP anomaly. It is often useful 

to compare qualitatively the pseudo-gravity anomaly with the actual Bouguer 

anomaly (BA) of the gravity field.

Figure 9.6. PG-HD (horizontal derivative of the pseudo-gravity filter)

The horizontal derivative of the PG is used for mapping the edges of causative 

bodies.

The ground gravity data and one filter are also reproduced:

Figure 9.7. BA (Bouguer anomaly)

Figure 9.8. BA-HD (horizontal derivative of the Bouguer anomaly)

Magnetic anomalies in the Central Highlands/Grampian Terrane
Rocks of the Dalradian Southern Highland Group in south Co. Tyrone and 

the Sperrin Mountains are generally moderately magnetic and gives rise to a 

broad magnetic high (M4a, M4c, Figure 9.2). However the PG image (Figure 9.5) 

suggests that some of the high may be attributed to a more extensive high relating 

to magnetic rocks within the Midland Valley Terrane. 

North of the Omagh Thrust an arcuate belt of linear narrow positive anomalies 

(M4b, Figure 9.3 and Figure 9.5) lies within the Glengawna and Mullaghcarn 

formations and runs parallel to the Omagh Thrust. Other magnetic trends occur 

sporadically within the underlying Glenelly Formation. Similar arcuate anomalies 

occur further west in the Mullaghcarn Formation within the Lack Inlier (M4c, 

Figure 9.6). These anomalies arise from magnetic pelitic horizons within the 

Dalradian sequence of schistose semi-pelite, psammite and pelite and their 

arcuate form probably reflects folding. 

Figure 9.2
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Figure 9.3

Vertical Derivative of the Reduced to 

Pole Filter (RTP-VD)
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Magnetic anomalies in the Midland Valley Terrane 
the tyrone igneous complex
The early Palaeozoic Tyrone Igneous Complex and Proterozoic Central Inlier 

display characteristic magnetic anomalies (M3a-M3b, Figure 9.1, Figure 9.2 and 

Figure 9.6).

The Complex is bounded in the north by the Omagh Thrust Fault, which is 

only intermittently discernable on the RTP image (Figure 9.2). South of the Omagh 

Thrust the rocks of the Tyrone Volcanic Group appear largely unmagnetised, 

except for the northeasterly striking Copney Pillow Lavas (M3a), which appear to 

extend further northeast than previously mapped, and whose northern margin is 

well defined. The Davagh fault marks the northern margin of the Tyrone Plutonic 

Group, but its location is partially obscured. The magnetic texture of the Tyrone 

Plutonic Group comprises a pattern of cross-cutting anomalies that represent 

complex faulting, shearing and layering of these ophiolitic rocks. Within the Tyrone 

Plutonic Group well-defined east-northeast lineaments related to faulting and/or 

shear zones run parallel to the bounding faults. A second set of lineaments runs 

sub-parallel to the bounding faults and includes the Beleevnamore Fault, which 

locally disrupts the continuity of magnetic anomalies. A third structural magnetic 

trend is characterised by several short arcuate lineaments. The Corvanaghan 

Formation of the Central Inlier is also magnetised but is not readily distinguished 

magnetically from the surrounding Tyrone Plutonic Group. At the eastern end of 

the Complex the Slieve Gallion granodiorite is relatively unmagnetised, although 

magnetic effects of Palaeocene dykes and patches of Palaeocene lava are 

seen. 

anomalies over devonian and carboniferous rocks
Broad magnetic anomalies over the Devonian and Carboniferous rocks in 

Co. Tyrone and Co. Fermanagh arise from basement rocks.

Two regional magnetic highs (M7a and M7b, Figure 9.2) are separated by 

a pronounced magnetic low M7c. Features M7a and M7c are separated by 

the Tempo-Sixmilecross Fault. Magnetic high M7a is probably caused by high 

susceptibility and high density ultrabasic rocks corresponding to the Dromore 

gravity anomaly. M7b may be a continuation of magnetite-bearing Ordovician 

greywackes found in southwest Scotland. The magnetic low, M7c, is due to low 

susceptibility Devonian and Carboniferous sedimentary rocks.

Southern uplands-down-longford terrane
Lower Palaeozoic rocks of the Southern Uplands-Down-Longford Terrane 

are magnetically quiet (M6a). The absence of near-surface magnetic anomalies 

indicates that the Palaeozoic greywacke and shale sequences are of low 

susceptibility. There is no obvious expression of the numerous Caledonian faults 

that cross the area. There is a broad subtle regional increase in the magnetic 

anomaly towards the extreme southeast over the Hawick Group greywacke 

(M6b) and red shale. 
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Figure 9.4

Dyke swarm interpretation

Adapted from Cooper et al., 2012
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Palaeocene   Antrim Lava Group and the Dalradian  inlier
The magnetic anomalies of the Palaeocene Antrim Lava Group dominate the 

TMI map of Northern Ireland (Figure 9.1) and have previously been assessed 

bby Gibson and Lyle (1993). Magnetic intensities are relatively high and mostly 

negative (coloured blue), due to a natural remanent magnetisation component 

acquired when the lavas cooled in a magnetic fi eld of polarity opposite to that of 

the Earth’s present magnetic fi eld. Palaeo-magnetic studies have shown that the 

remanent magnetisation of the lavas has a declination of about 190 degrees and 

an inclination of –60 degrees, and that the intensities of induced and remanent 

magnetisation components are similar (data collated by Reay, 2004). The magnetic 

anomaly includes components due to variations in the magnetisation of the lava 

(mainly negative), variations in the shape and thickness of the lava pile, and the 

magnetic signature of the basement rocks (mainly positive).

The extent of the lava fl ows may be mapped accurately from the TMI and its 

various fi lters, even in areas of limited outcrop. TMI anomalies here are generally 

narrow (short wavelength), indicating that the magnetic sources lie near or at the 

surface. The margins of the basalt show as characteristic positive (red) anomalies 

on the RTP (Figure 9.2) and on the derivative images RTP-VD (Figure 9.3) and 

PG-HD (Figure 9.6). The margins of distinct magnetic units within the basalt are 

similarly bounded by positive anomalies, which may represent the margins of 

distinct structural blocks separated by faulting.

Parts of the Antrim lavas have a dominantly positive RTP signature, refl ecting 

the positive magnetisation of the basement and/or a greater degree of positive 

magnetisation of the basalts. These components may be resolved qualitatively 

by comparing the RTP, PG and BA images.

Mixed negative and positive RTP anomalies in the north of Co. Antrim (M1a), 

indicate variations in magnetic properties of the lavas, which in the main are 

reversely magnetised. The negative anomalies of feature M1a are terminated in 

the south by the Tow Valley Fault, evidenced by a strong magnetic gradient.

South of the  Tow Valley Fault, the PG image distinguishes three zones in 

the lavas (M1b) that correspond with a gravity high. The stepped change of PG 

amplitude from negative in the southwest to positive in the northeast probably 

indicates thinning of the basalt across a series of fault-bounded blocks. These 

magnetic blocks are separated by strong north-south linear gradients coincident 

with pronounced gravity gradients (Figures 9.7 and 9.8). These gravity gradients 

are associated with the faulted margins of the concealed Kilrea-Maghera and 

Loughguile sedimentary basins. Here, low density Carboniferous, Triassic and 

Cretaceous rocks rest upon higher-density Dalradian rocks of the concealed 

Highland Border Ridge and give rise to a series of gravity troughs within a 

pronounced gravity high.

Over the Dalradian sequence of northeast Co. Antrim (M9), where basalts are 

absent, there is a smooth regional magnetic high. The source of this anomaly is 

probably magnetic rocks within the basement underlying the Dalradian.

The area between the Carnlough Fault and the Sixmilewater Fault shows 

regions of both positive and negative magnetic anomalies on the PG image. 

Feature M1c to the south of the Carnlough Fault is characterised by mainly 
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Figure 9.5
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negative PG anomalies whereas M1d is generally more positive and shows a 

pronounced magnetic high over the Tardree rhyolite.

The magnetic images indicate that the Ballytober fault is an important deep 

crustal fault at the margin of the Larne sedimentary basin. East of the fault the 

PG map shows a magnetic high beneath the basin coincident with the gravity 

low over the lower-density fill of the sedimentary basin. This suggests the basalt 

lavas are thin and diminish to the east and that the positive PG anomaly is due 

to magnetic basement, which may be the same as the basement underlying the 

Dalradian in feature M1b.

The magnetic anomaly over Lough Neagh (M1e) is subdued and broad, 

reflecting the increased depth of magnetised rocks. The intermittent presence of 

basalt lavas beneath non-magnetic Quaternary sediments of the Lough Neagh 

Group is evident. The Lough Neagh sedimentary basin is defined by a BA low 

that extends north over the Upper Basalt Formation, which also has a relatively 

low density.

Magnetic anomalies beneath Lough Neagh are locally displaced by at 

least two northeast linear gradients marked by positive anomalies on the RTP 

map. These are accompanied by pronounced gravity gradients (Figure 9.8) and 

probably represent the continuation of the two faults mapped in the Crumlin area 

that displace the Lough Neagh Group and basalt outcrop. The Sixmilewater Fault 

does not have an obvious magnetic expression beneath Lough Neagh but it 

shows a prominent gravity gradient (Figure 9.8) which continues beneath Lough 

Neagh, emerging to the west of the Lough as the Elagh Fault.

Over the basalt outcrop south of the Sixmilewater Fault, RTP anomalies are 

negative but change to positive anomalies along the basalt margin to the south 

and east (PG image). Again, this is attributed to thinning of the basalt and the 

emergence of positive magnetic anomalies of basement rocks.

In this southern zone of the Antrim lavas there are several northeast lineaments 

with a Caledonian trend that are interpreted as fault displacements. These are 

intersected by northwest lineaments of positive polarity indicating Palaeocene 

dykes. One of these is a continuation of the positive anomaly of the St. John’s 

Point – Lisburn dyke swarm (M8). This feature continues as far as the Sixmilewater 

Fault where it is offset sinistrally by the fault, reappears as a linear positive anomaly 

beneath Lough Neagh and continues northward at least as far as the Carnlough 

Fault. 

Palaeocene dyke swarms
Prominent linear magnetic anomalies of intrusive dykes cross Northern Ireland, 

in a generally northwesterly direction (Figure 9.4). The pattern of dykes informs 

the tectonic history of the region and indicates the extent of fault displacements 

(Cooper et al, 2012).

The dykes of County Fermanagh were noted by Preston (1967), but it was 

the interpretation of regional magnetic imagery (Gibson and Lyle 1993) that first 

demonstrated the presence of a swarm of dykes in this area with lateral continuity 

in the order of tens of kilometres. Gibson et al. (2009) examined the magnetic 

characteristics of the prominent Cuilcagh dyke. This dyke swarm appears to 
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Figure 9.6
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be the oldest of the recognised dyke swarms. These dykes strike mainly west-

northwest with conjugate dykes trending east-northeast. TMI signatures are 

broad, compared with later dykes, more widely spaced, and with mostly reversed 

magnetisation directions. Sinistral, strike-slip displacement of the dykes across 

the Tempo-Sixmilecross fault is about 2.25 km, compared with 1.4 km for the 

next youngest swarm (Figure 9.4). There is a notable absence of dykes west of the 

large linear magnetic dyke that runs immediately south of and parallel to Lough 

Erne. This may mark the boundary of a crustal discontinuity.

Dykes of the Donegal-Kingscourt dyke swarm strike generally northwest and 

display reversed magnetisation. They are concentrated in a broad zone some 50 

km wide across Counties Fermanagh, Tyrone and Armagh and are mainly linear. 

Anomalies are 50-100 metres wide, but dykes narrower than the flying height 

(typically 55-60 m) will not be individually resolved. These dykes can be traced 

on regional images offshore across the Irish Sea and are aligned with a similar 

trending dyke swarm on Anglesey.

The Donegal-Kingscourt dykes are displaced across the Tempo-Sixmilecross 

Fault by between 1.3 to 1.7 km. Some dykes are terminated at the fault or there 

may also be some vertical component to the displacement. Other faults may 

have influenced the dyke emplacement. Several dyke anomalies are terminated 

at the Clogher Valley Fault and others either terminated at the Omagh Thrust or 

displaced to a deeper level. Similarly, north of the Lack Inlier, dykes are terminated 

or displaced to a deeper level along a lineament that is inferred to be a fault 

without surface expression. 

The Ardglass - Ballycastle dyke swarm extends from eastern Co. Down 

into eastern Co. Antrim. These dykes strike north-northwest or northwest, are 

negatively magnetised and thinner than dykes further west. They intrude the 

Lower Basalt Formation but not the Upper, so should be between 61.5 and 59 

Ma in age.

The St. John’s Point – Lisburn dyke swarm occurs within a broad zone 18 

to 20km wide (M8, Figure 9.1, 9.2 and 9.3). The dykes are positively magnetised 

and show an alternating pattern of positive and negative anomalies. In outcrop 

the dykes are typically less than 5 m wide. The main positive anomaly seen on 

regional magnetic images extends into the basalt where it can be traced with 

certainty as far as the Sixmilewater Fault. North of this fault the line of the anomaly 

is obscured by similar trending anomalies within the Antrim lavas. Many dykes in 

this swarm are sinuous in nature but do not appear to cross one another. They 

reflect a complex stress pattern that occurred at the time of emplacement and 

may be the roots of a line of ancient fissure eruptions. They appear to intrude both 

the Lower and Upper Basalt Formations of the Antrim Lava Group and should 

therefore be younger than 58 Ma.

Intrusive complexes in the southeast
In southwest Co. Down and southeast Co. Armagh, the Caledonian Newry 

Igneous Complex and the Palaeocene Mourne Mountains and Slieve Gullion 

Complexes are clearly delineated by the magnetic survey and also display 

prominent gravity anomalies.
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Figure 9.7

Bouguer Gravity Anomaly (BA)
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The mapped outline of the northeastern granodiorite pluton of the Caledonian 

Newry Igneous Complex corresponds with a prominent negative gravity anomaly, 

best seen on the BA-HD image (M2c, Figure 9.8). Within this lies an oval ring-like 

magnetic anomaly (Figure 9.2), characteristic of a layered intrusion. The ultramafic 

– intermediate complex further to the northeast, south of Slieve Croob, has a 

strong circular magnetic anomaly.

Over the central pluton of the Newry Igneous Complex the near-circular 

magnetic anomaly is broadly coincident with the previously mapped outcrop 

of the intrusion and is truncated in the west by the Newry Fault. The southwest 

pluton is intruded by the Palaeogene Slieve Gullion Igneous Complex, the two 

forming a distinctive near-circular anomaly (M2b, Figure 9.2). Radiating northwest 

from this anomaly are several dykes depicted by the RTP-VD.

The outer porphyritic felsite ring dyke around the edge of the Slieve Gullion 

Igneous Complex (M2b) is well defined by a ring-like RTP-VD anomaly. Concentric 

magnetic patterns on the PG image reflect varying magnetisation of the Layered 

Complex at the centre of the intrusion.

The Slieve Gullion Igneous Complex lies at the western end of a prominent 

BA anomaly that extends east and southeast across Carlingford Lough and the 

Mourne Mountains Complex and indicates an underlying deep, magnetic, dense, 

and predominantly basic intrusion.

The Mourne Mountains Complex (M2a) exhibits a relatively subdued positive 

magnetic anomaly, best seen on the RTP image. The oval anomaly has a 

Caledonide orientation although it is Palaeogene in age. Magnetisation is confined 

to zones in the west and east, corresponding with the more mafic intrusive 

members (Mitchell, 2004) of the Western and Eastern Centres. Post-emplacement 

intrusion by dykes is evident, particularly in the Eastern Mournes Centre.

Other magnetic anomalies
A broad magnetic anomaly southwest of Loch Erne (M5, Figure 9.2), coincident 

with a gravity low (Figure 9.7), probably represents an Early Palaeozoic intrusion 

or volcanogenic rocks beneath a thick lower-density sedimentary sequence.
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Figure 9.8
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Figure 9.8

Apparent Conductivity

Low Frequency
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electrical conductivity
The airborne electromagnetic system maps shallow variations in electrical 

conductivity (the reciprocal of electrical resistivity). These changes relate to porosity, 

saturation, pore-water salinity and clay content of near-surface rocks, Quaternary 

/ recent deposits and soils. We use conductivity as a tool for mapping the near-

surface geology but anomalies may also be diagnostic of industrial pollution, 

landfill plumes or increased groundwater salinity. Regional electrical conductivity 

has been aassessed by Beamish et al. (2010) and Beamish (2013a).

The images shown on these pages show the apparent electrical conductivity 

derived from the in-phase and out-of-phase (quadrature) components of the 

electromagnetic response to the primary electromagnetic field, at two frequencies. 

The primary field was transmitted in two frequencies (2005 survey) and four 

frequencies (2006 survey). The lower frequency signal penetrates further than 

the higher frequency. There is no fixed depth of investigation but the 3 kHz data 

may be regarded as providing an assessment of ‘near-surface’ (i.e.typically at 

depths of < 60 m) bedrock electrical conductivity, except at locations where thick 

accumulations of conductive superficial deposits occur.

Cultural, anthropogenic and salinity features
Obvious cultural electrical conductivity responses include powerlines and 

infrastructure along roads, expressed as long linear features. 

No major industrial pollution plumes are recognised at the regional scale 

but numerous less obvious local anomalies of landfills and industrial sites are 

detectable at the larger scale and these often display coincident radiometric and 

magnetic anomalies (Beamish 2007). 

Electrically conductive seawater and tidal estuaries appear as warmer red to 

white colours. Seawater intrusion of coastal sediments occurs at Magilligan Strand 

(Lough Foyle). Variation in electrical conductivity occurs in some of the loughs 

and Lough Neagh is seen to be more conductive (more saline) than Lough Erne. 

Conductivity variations in the loughs may indicate conductive lake-sediments.

Proterozoic rocks
Some of the main terrane boundary faults display prominent linear conductivity 

anomalies, due to locally increased porosity and development of clay minerals.

In the northwest, Dalradian metasediments and limestones are very resistive 

(blue) and psammites, pelites, gneisses and most schists somewhat less so. 

At the local scale, graphitic schists or shear zones show greater conductivity 

(red). (EM1a, EM1b, EM1c, EM1d, Figure 9.8). The margins of the Lack Inlier and 

the outcrop of the Mullaghan Formation are bounded by thin pronounced EM 

conductors (graphitic schists), related to major faults or to the Omagh Thrust Fault. 

Other faults that generate conductivity anomalies are the Tempo–Sixmilecross 

Fault and the Clogher Valley Fault.

The outcrop of the Tyrone Igneous complex and the Central Inlier (EM2, 

Figure 9.9) are both electrically resistive.
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Figure 9.9

Apparent Conductivity 

High Frequency

Palaeozoic rocks
Rocks of the Lower Palaeozoic Southern Uplands-Down-Longford Terrane are 

generally moderately to highly resistive but sufficient resistivity contrasts occur 

within them to show the northeasterly Caledonide fabric. Bands of Moffat shale 

show as linear conductors. Some conductive trends are associated with mapped 

faults but others, which transect the Caledonide trend, have no obvious source. 

Electrical conductivity decreases across the Gala Group from northwest to 

southeast. The contact between the Gala and Hawick Groups is intermittently 

characterised by a conductive fault. There is a prominent conductivity anomaly 

over the Hawick Group south of the Mourne Mountains, reflecting accumulated 

glacial deposits.

Of the Upper Palaeozoic formations, Devonian sediments of the Fintona 

Block (Figure 9.9, feature EM6a) show generally higher resistivity than the 

Carboniferous. 

In southwest Co. Fermanagh, conductivity patterns (EM4a and EM4b, 

Figure 9.8) correspond with mapped Carboniferous lithologies. Green to blue 

banding characterises the relatively resistive limestones. Local sandstones 

are resistive relative to shales (red). At the more detailed scale some of the 

Co. Fermanagh dykes have a prominent conductivity signature, probably 

indicating surface weathering. 

Northeast of Lower Lough Erne low to intermediate resistive rocks occur 

in two areas (EM5a and EM5b, Figure 9.9) and are prominent where they are 

in contact with very resistive Dalradian rocks. Feature EM5a is the Tournasian 

Owenkillew Sandstone Group which is clearly fault bounded along its southern 

margin, and feature EM5b occurs over Carboniferous sandstones where they 

are surrounded by resistive limestones. Features EM6a and EM6b are resistive 

Carboniferous conglomerates and sandstones. Southeast of the Tempo-

Sixmilecross Fault resistive Carboniferous limestones are clearly visible faulted 

against more conductive Clogher Valley Formation shales.

Mesozoic rocks
Triassic sediments of the Lagan Valley are relatively conductive (EM7a, Figure 9.8). 

Further west the same Triassic sediments and clays of the Oligocene Lough 

Neagh Group merge into a prominent conductivity anomaly southwest of Lough 

Neagh (EM7b, Figure 9.8). Triassic rocks on the eastern side of Lough Foyle, 

notably the Waterloo and Mercia mudstones are also very conductive.

Palaeocene rocks
The Antrim Lava Group basalts display intermediate-high conductivity. This may 

reflect increased porosity in shallow weathered lava flows and the presence of 

glacial till. Intermittent northeasterly and north-northeasterly lineaments reflect 

as yet unmapped bedrock features. In general, the Lower Basalt Formation 

appears more conductive than the Upper Basalt Formation, but the comparison 

is obscured by the effect of conductive cover. The Dalradian inlier in the northeast 

(EM8, Figure 9.9) is a distinct resistivity high overlain by isolated conductive 

exposures of Antrim lavas.

Of the Palaeocene intrusives of the southeast the Slieve Gullion Complex 

(feature EM9) is very resistive. By contrast, the Mourne Mountains Complex 

(EM10) is relatively conductive, particularly the Eastern Centre.
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Gamma radiation
Most terrestrial gamma radiation arises from minor distributions of radioisotopes 

of potassium, uranium and thorium. Almost all gamma radiation is absorbed by 

35cm of soil or rock so the observed signals characterise only this thin surface 

layer. We use these variations in potassium, uranium and thorium radioactivity for 

mapping lithology, in prospecting for radioactive minerals and for characterising 

soil types and textures. Water in soils, and particularly in porous peat, absorbs 

radiation and a 10% increase in soil moisture will reduce the count rates by 

a similar percentage (IAEA, 2003). The Tellus airborne gamma ray data have 

also been used for improving estimates of in-house radon and for mapping the 

distribution of the artificial radionuclide caesium-137.

The radioisotope potassium-40 occurs in a fixed proportion to total 

potassium so gamma radiation from this radioisotope is directly representative 

of total potassium. However, in the uranium and thorium decay series, gamma 

radiation arises from several radioisotopes, some of which are mobile so the 

radioactive decay sequence may therefore not be in equilibrium. These images 

show values of ‘equivalent’ uranium (eU) and thorium (eTh) derived from the 

gamma ray amplitudes, assuming there is no disequilibrium; consequently, where 

isotopes have been mobilised, these values may mis-represent the true values 

of uranium and thorium present. The images shown depict individual signals for 

eU (Figure 9.12), eTH(Figure 9.13), potassium-40 (Figure 9.14) and for the total 

radiation (Figure 9.15) in the energy band 0.3 to 3.0 MeV.

Images of ratios, for example eTh/K (Figure 9.19), may be used in conjunction 

with those of the single values, to distinguish different soil characteristics or 

lithologies. Further, all three radiometric components may be amalgamated into 

a single ternary image (Figure 9.11) which colour-mixes the three radiometric 

components, such that signals high in all three appear as a bright white and signals 

deplete in all three appear dark. A predominance of red, blue or green indicates a 

proportionate increase in potassium, uranium or thorium respectively.

These regional data have been described by Jones and Scheib (2007).

Principal features on the ternary image (Figure 9.11) at the regional scale are:

Grey/Black colouration denotes areas where natural radiation may be •	

screened by lakes (RM1a) or by peat (RM1b). 

Over built-up areas radiation may arise more from building and •	

construction material used than from the underlying rock. Amplitudes 

are reduced due to the greater survey height. Quarries, landfills and the 

ash pile at Kilroot power station (RM2) show prominent anomalies at the 

detailed scale.

Anomalous potassium signals occur along the upper reaches of •	

Strangford Lough (RM3a), Dundrum Bay (RM3b) and the mudflats of 

Greencastle Bay (Carlingford Lough) (RM3c). The cause of this is not yet 

known but may be related to the predominance of potassium in fine-

grained mud and silt or perhaps to the local use of potash fertiliser.

Ordovician to Silurian marine sediments in the southeast (RM4a, RM4b) •	

are relatively enriched in all three elements. Here the Gala Group 

sediments are differentiated, more potassium rich in the north and more 

thorium rich in the south.

Figure 9.11
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Figure 9.12

Equivalent Uranium (UMAP)

Carboniferous rocks in the southwest (RM5) are relatively enriched in •	

uranium, probably in the black (marine) shale beds and limestones. Glacial 

action may have spread detritus from shale outcrops.

Some of the Permian to Triassic sediments appear relatively enriched in •	

potassium (RM6).

The Antrim Basalts (RM7) are characterised by low radiation levels but the •	

signal may also be attenuated by peat. Prominent zonation is visible in the 

potassium channel.

The felsites/granitites of the Mourne Mountains Complex (RM8a) and •	

Slieve Gullion Complex (RM8b) are enriched in U, Th and K-40 isotopes. 

Variations in K-40 within the Slieve Gullion Complex indicate different 

intrusive components of the Complex.

Prominent patterns, particularly thorium, show previously unmapped •	

zonation in the Newry Igneous Complex (RM9).

Individual zones or formations may be more clearly depicted or resolved by 

re-imaging the ternary plot with a dynamic colour range appropriate to it.

Proterozoic rocks
The heterogeneous geology of the Proterozoic rocks in the northwest of Northern 

Ireland is reflected in the radiometric imagery, with juxtaposed areas of relatively 

high and low radioelement content (Figures 9.11, 9.15).

The northwest of this area has generally higher K, eU and eTh in the 

upper Dalradian psammites and semipelites of the Southern Highland Group 

(Londonderry, Ballykelly and Claudy formations) and in the overlying Tournaisian 

Barony Glen Formation (RM10). 

The Dalradian, Dart, Glenelly and Mullarghcarn formations, of the Sperrin 

Mountains (RM11), have generally low values for K, eU and eTh. The patterns of 

highs and lows do not fit closely everywhere with the regionally mapped solid 

boundaries because of the influence of the overlying superficial deposits and 

soil. Locally re-imaging these data improves the contrast and better delineates 

Quaternary features and the contrast between peat and more radioactive the 

valley deposits. Where rock is drift-free in this area, intermediate K, eU and eTh 

contents are displayed.

Boundaries in the more complex geology of western Northern Ireland are 

apparent on the images of the full spectrum (Figures 9.11, 9.15). However, they 

become clearer at the local scale in the individual eU, eTh and K images.

Southern Uplands Terrane
Lower Palaeozoic Gala Group (RM4a, RM4b) rocks in the southeast (the Southern 

Uplands-Down-Longford Terrane) show higher values for total count and all three 

radioelements (Figures 9.11, 9.15). Zones within the Terrane are better resolved 

on the recoloured Ternary image (Figure 9.17), including:

the Hawick Group, displaying increased eU and eTh. •	

other features within the Gala Group that run parallel to the strike and •	

appear to delineate specific units with differing composition; for example, 

lower eU values in the west and bands of higher values in the central part 

of the Group. 
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Figure 9.13

Equivalent Thorium (THMAP)

The highest levels of eU (and eTh) (Figure 9.18) fringe the Palaeogene acid •	

intrusives and presumably reflect diamicton and glacial sands and gravels 

with a significant contribution of material from the granitic terrain. These 

fringes to the intrusives are better developed to the south of each body, 

reflecting the direction of latest ice movement with only a thin marginal 

development to the north. 

Drainage-related radiometric features with lower radioelement content •	

occur on the Southern Uplands Terrane (Figure 9.17), both for streams 

flowing to the north, such as the Cusher river and its tributaries, those 

draining to the south, including the Newry River, and those flowing 

northeast into Strangford Lough, including the Quoile River.

Anomalies over Devonian and Carboniferous rocks
To the south of Lower Lough Erne, arcuate patterns are seen in the radiometric 

data. These mirror the outcrop patterns parallel with the western side of the lough. 

The strongest expression arises from the Lower Carboniferous Ballyshannon 

Limestone (RM12), and to a lesser and variable extent the adjacent Bundoran 

and Benbulben Shale Formation to the southwest. These shale formations have 

radiometric characteristics similar to those to the east of Upper Loch Erne. Other 

Carboniferous rocks in the extreme southwest have low K, but more variable 

eU and eTh.

Intrusive complexes in southeast Northern Ireland
Intruded into the southern edge of the Southern Uplands Terrane the Palaeocene 

Mourne Mountains and Slieve Gullion Complexes are the most radioactive rocks 

in Northern Ireland.

The Mourne Mountains Complex is distinguished from the other intrusives 

by a mix of white areas, where all three radioelements are high, and turquoise 

where eU and eTh are high relative to K (Figure 9.19). The Slieve Gullion Complex 

has a different composition reflected in pinkish (higher K) hues. The felsitic ring 

dyke and the granophyric inner part of Slieve Gullion complex have similar K, eU 

and eTh composition and is accentuated when the images are draped on the 

DTM. The central granophyre core to the Slieve Gullion complex is dark, due to 

peat covering the bedrock. The larger dark patches on the Mourne Mountains 

Complex also indicate peat cover.

Differences between the Newry Igneous Complex and the Lower Palaeozoic 

country rocks are most strikingly seen on the reimaged ternary image (Figure 9.19). 

The older Newry Granodiorite Complex appears red due to the high relative 

proportion of K. At the northeast end, eTh and eU, reflected in green and 

turquoise colours, are more predominant, suggesting geochemical zonation. 

The contrasting radioelement composition of the complexes is displayed in the 

ratio plot (Figure 9.20).

Certain sinuous features reflect the accumulation of relatively radioactive 

alluvium within streams and rivers, notably the River Bann.
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Figure 9.14

Potassium (KMAP)

Palaeocene Antrim Lava Group and the Dalradian inlier
By contrast to the rocks to the south and west, the Palaeocene basalts and 

overlying sediments (mostly the Lough Neagh Group) have relatively low 

concentrations of K, eU and eTh. Within this generally low area higher values 

arise from parts of the Proterozoic and Palaeozoic sequence (mostly psammite 

and semi-pelites) in the Dalradian inlier in the extreme NE (RM13), and from a 

small area of acid volcanics (rhyolites) northeast of Lough Neagh (RM14). To the 

immediate southeast and northwest of the basalt outcrop moderate K, eU and 

eTh levels correspond to Triassic sandstones (Sherwood Sandstone Group) and 

parts of the overlying mudstones (Mercia Mudstone Group) (RM15).

Recoloured images of the Antrim basalts reveal significant contrasts. Most 

features relate to variations in the superficial deposits rather than the solid geology. 

Patterns are clearest on the K image (Figure 9.21) and features include:

Deposits related to the NNW-SSE-oriented drainage pattern (River Bann) •	

to the north of Lough Neagh, 

Patterns at right angles to this orientation, which fall along tributaries to the •	

main rivers, 

Peat cover (blue), •	

Highest K concentrations occur on diamicton (glacial till). •	

Within the areas of basalt covered by till there is a range of radioelement 

composition, presumably reflecting differences in source material (Figure 9.21), 

including:

A zone of higher K, eU extending some 4 km northwest of the Tardree •	

Rhyolite Complex, probably due to material derived from the complex. 

This direction is consistent with the later phases of ice movement from the 

Lough Neagh axis (Bazley, 2004). 

Till to the west, south and southeast of Lough Neagh has higher K, eU and •	

eTh concentrations. 

Within the till there is a well defined ‘spotty’ pattern over drumlins, which •	

was less apparent on the images of the whole of Northern Ireland. This is 

particularly well developed to the north of Lough Neagh.

Superficial geology
Areas of partly-saturated peat bog suppress the radiation from underlying rock 

and appear as radioactive lows (Beamish, 2013b). In general, peat has only 

very low concentrations of K, eU and eTh, unless layers of till are present. Most 

prominent examples are the Antrim Plateau but there are other large areas, 

particularly in the west, that appear dark (almost black) on ternary images. In 

the Sperrin Mountains the contrast between the lower radioelement content of 

the peat-covered uplands and the more radioactive alluvial and glacial deposits 

is particularly striking. The peat is sufficiently low in K, eU and eTh even to be 

readily apparent on the basalts, which are the least radioactive of the major rock 
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types. The largest expanses are close to the northeast coast, where they cover 

the highest ground. Rawlins et al. (2009) describe an innovative method of regional 

scale mapping of soil carbon based on these data.

In Co. Fermanagh a speckled pattern of relative highs and lows characterises 

fields of drumlins. These mounds of glacial sediment produce the radiometric 

highs while intervening lakes or low-lying marshy ground, produce the lows.

Areas of coastal sediments (mudflats) are also visible, showing up most clearly 

as K-rich areas on ternary images, for example at the north end of Strangford 

Lough (RM3a), in Dundrum Bay (RM3b), and at Greencastle, in Carlingford 

Lough (RM3c). Normally fine-grained sediments are higher in all elements but 

the radiometric character suggests a K-rich mineral assemblage, dominated 

perhaps by illitic clay minerals. Beach sands and dunes bordering the mudflats 

in Dundrum Bay are high in all three radioelements. Size-fractionation of different 

K, eU and eTh minerals seems the likeliest explanation. High tide at the time of 

survey may explain the absence of similar features in Larne Lough and Lough 

Foyle, or may reflect the differing geology of the hinterland.

Anthropogenic effects
A prominent eU and eTh anomaly characterises ash piled on the seaward side 

of the coal burning Kilroot power station (Figure 9.22). The response resembles 

those seen over areas of ash storage adjacent to coal fired power stations in the 

English Midlands.

Landfills commonly show local radiometric anomalies, due partly due to the 

removal of superficial cover and partly to the dumping of building waste. Quarries 

also show isolated radiometric anomalies. Figure 9.23 shows the K image of 

the High Town landfill west of Belfast and the signatures of four local quarries. 

Landfills and quarries are in general not distinguishable on regional radiometric 

imagery but show anomalies at the larger scale.

Radon
These data have been used to improve estimates of in-house radon in Northern 

Ireland, as described by Appleton et al. (2008) and Appleton et al. (2011).

Caesium-137
A map of the distribution of the artificial radionuclide caesium-137 has been 

generated from the gamma-peak at 662 keV (Figure 9.16) and is described by 

Scheib and Beamish (2010). The variations across Northern Ireland correlate with 

the rainfall pattern in the days after the Chernobyl accident of 1986, although 

the remaining effects of the nuclear weapons testing of the 1950s are also 

incorporated. 137Cs is mobile under certain conditions and since deposition has 

been retained in or released from soil according to the soil type, land-use and 

drainage. These effects have been examined by Rawlins et al. (2011).

Figure 9.15
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Figure 9.16

Caesium-137

From Scheib and Beamish, 2010
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Figure 9.17

Radiometric ternary image of SE Northern Ireland, locally recoloured to improve the resolution 

(excluding the Newry Igneous Complex and the Mourne Mountains Complex).

Figure 9.19

Detailed ternary image of the Palaeocene intrusives (Slieve Gullion and  Mourne Mountain 

Complexes) and the Newry Igneous Complex.

Figure 9.20

eTh/K image of the Palaeocene intrusives and the Newry Igneous Complex.

Figure 9.18

eU image, SE Northern Ireland,  locally recoloured to improve the resolution (excluding the Newry 

Igneous Complex and Mourne Mountains Complex).
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Figure 9.23

K anomalies over quarries and the Hightown Waste Facility, Co. Antrim.

Figure 9.22

eTh image of the fly ash pile at the Kilroot power station, Co. Antrim.

Figure 9.21

Locally recoloured K image of NW Northern Ireland.
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Geochemistry Appendix
Additional statistical charts relating to Arsenic (page 157), Chromium (page 165) and Nitrate (page 183) in stream waters.
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General
AFBI  Agri-Food and Biosciences Institute

AONB  Area of Outstanding Natural Beauty

BGS   British Geological Survey

DARD   Department of Agriculture and Rural Development

DETI   Department of Enterprise, Trade and Investment

DoE   Department of Environment

DFP   Department of Finance and Personnel

ERDF  European Regional Development Fund

GIS   Geographic Information System

GPS  Global positioning system

GSI   Geological Survey of Ireland

GSNI   Geological Survey of Northern Ireland

GTK   Geological Survey of Finland

IAEA  International Atomic Energy Agency

LPS  Land and Property Services

NERC  Natural Environment Research Council

NIEA  Northern Ireland Environment Agency

OSNI   Ordnance Survey of Northern Ireland

RESI   Resource and Environmental Survey of Ireland

RoI   Republic of Ireland

VMS  Volcanogenic massive sulphides

GeochemiStry
ANOVA  Analysis of variance

CRM   Certified reference material

DOC   Dissolved organic carbon

ED-XRF   Energy dispersive X-ray fluorescence spectrometry

G-BASE   Geochemical Baseline Survey of the Environment

ICP-AES   Inductively coupled plasma atomic emission spectrometry

ICP-MS   Inductively coupled plasma mass spectrometry

ICP-OES   Inductively coupled plasma optical emission spectrometry

ICS   Instrument controlled software

IDW  Inverse Distance Weighting

LLD   Lower limit of detection

NPOC   Non-purgeable organic carbon

PGE   Platinum group elements

QC   Quality control

SRM  Secondary reference material

TOC   Total organic carbon

UKAS  United Kingdom Accreditation Service

WD-XRFS  Wavelength dispersive X-ray fluorescence spectrometry 

XRFS  X-ray fluorescence spectrometry

GeophySicS
BA   Bouguer anomaly

EM   Electromagnetic

eTh   Equivalent thorium

eU   Equivalent uranium

RM   Radiometric

TC   Total count

TMI   Total magnetic Intensity
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Index
Main / key occurrence in bold.

A

Accretionary prism  5, 7, 9

Acton Inlier  8–9

Aghyaran  85, 115, 139, 149, 161

Agivey Basin  20

Aldergrove  109, 113, 123, 147, 151

Alderwood Mudstone Formation  15

Altagoan Formation  12

Altmore Anticline  6

Altmore Formation  6, 99, 157

Aluminium  36–39, 43–44
chemistry  47–48, 52–53  

waters 155

Analysis of variance  40

Andesite lava flows  18

ANOVA 
See Analysis of variance

Antimony  35–40, 44
chemistry 47

sediments 109, 111–115, 123, 
125, 129, 133, 149

soils 61

Antrim Lava Group  1–2
chemistry

sediments  109–151
soils  61–105
waters  155–195

geology  17–20
geophysics  200, 203, 205, 209

Antrim Plateau
chemistry

sediments  111–151
soils  61, 65–71, 75–105
waters  155–189, 193, 195

geology  15–18, 20
geophysics  213

Aqua regia  34, 36–37

Arc-related granitoids  7

Ardglass  9, 19, 109, 115, 131, 139, 
143, 205

Ardglass-Ballycastle dyke swarm  
19, 205

Ards Peninsula  
chemistry

soils  83, 101, 105, 111

waters, 155–163, 167–171, 
175–177, 181, 185, 
191–195

geology  9–10

Argyll Group  6, 83, 93, 111, 121, 
131, 137, 141, 147

Armagh Group  12, 14, 67–69, 71, 
85–87, 91, 103, 177, 189

Armoy  67, 73, 93, 99, 147

Arsenic  7, 18, 20, 33–44
chemistry  47, 50–51

sediments  109, 111, 113–117, 
123, 127–137, 145, 151

soils  61, 63, 65, 73, 85, 89, 
95, 101

waters 157, 159, 163, 183
geophysics  201

Augher  189

Aughnacloy  13, 147, 195

Aughnacloy Sandstone Formation  
13

Avalonian  5

B

Ballinamallard Mudstone Formation
chemistry  

sediments  123, 137, 143
soils  69, 71, 75–77, 93, 97, 

103–105
geology  12

Ballyagan Formation  10

Ballybofey Nappe  7

Ballycastle  
chemistry  

sediments  117
soils  71, 87, 97, 103
waters  163, 167

geology  11, 16–20
geophysics  205

Ballycastle Group  11

Ballycastle outlier  11

Ballykelly Formation  6, 85, 113, 129, 
141–143, 155, 165, 181, 193

Ballymacilroy Borehole  16, 18

Ballymena  
chemistry  

sediments  117, 125–129
soils  67, 73–77, 89, 93–95, 

99–101, 105
waters  151

Ballymoney  
chemistry

soils  69, 71, 75, 79, 87–89, 
93, 97, 103–105

waters  157, 161, 167, 
171–177, 183, 195

geology  20

Ballymoney Formation  20

Ballynahinch  61, 73–75, 79, 85, 95, 
105, 109, 135, 145, 157

Ballynahone Micrite Formation  14

Ballyness Formation  13, 83, 95, 
119, 133–135, 143

Ballypatrick Forest  169

Ballyreagh Conglomerate Formation  
12

Ballyshannon Limestone Formation  
12, 13, 117–121, 133, 137, 
157

Ballysteen Formation  13

Ballytober Fault  69

Ballytober Sandstone Formation  15

Ballyvoy Sandstone Formation  11

Baltica  6, 8

Banbridge  61, 67, 77, 81, 109, 117, 
135, 157

Bangor  33, 79, 109, 117, 123, 125, 
141, 151

Baranailt Limestone Member  6

Bardahessiagh Formation  8

Barium  35–39, 43–44
chemistry  47–48, 50–51

sediments  109–111, 113, 117, 
123, 129, 133–135, 143, 
149, 151

Barony Glen Formation  11, 89, 135, 
165, 169, 175, 181, 211

Basal Carboniferous Units  12

Basaltic magmatism  6

Basaltic pillow lavas  6, 95

Bauxite  18

Belcoo  131, 149

Beleevnamore Fault  202

Belfast Group  15, 67

Belfast Harbour Borehole  15

Belfast Harbour Evaporite Formation  
15

Belfast  2, 3, 33
chemistry  

sediments  109, 115, 125, 131, 
139, 141, 147 

soils  67, 77, 85, 99, 101
waters  161, 167, 173, 179, 

183, 185, 189
geology  8, 9, 15–17
geophysics  214

Bellavally Formation  14

Belleek  
chemistry  

sediments  121, 129, 135, 137, 
143, 147

waters  155, 169, 181, 191, 
193

geology  13

Benbulben Shale Formation  13, 71, 
75, 175, 179, 212

Benburb  13, 181

Beragh  139, 149

Bicarbonate  33, 39–40, 48, 159

Bin Mountain Sandstone Formation  
13

Binnagapple Sill  20

Birkhill Shale  8, 9

Blackstokes Limestone Formation  
13

Blackwater Limestone Formation  14

Bonds Glen Limestone Member  6

Boron  12, 33, 36–37, 39, 43–44
chemistry  48, 53

sediments  115, 131, 143
soils  77

Bouguer anomaly  201

Briscloonagh Sandstone Formation  
14

Broughshane  18, 71, 87, 93, 147

Bundoran Shale Formation  13, 89

Bushmills  117
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C

Cadmium  35–39, 40, 44
chemistry  48, 52, 54

sediments  111, 117, 117, 123, 
133, 151

soils  61–63, 65, 73, 85, 105

Calcium  36–37, 39–40, 42–44
chemistry  48–50, 53

sediments  119, 139, 155
soils  67, 91, 95
waters 161, 171, 187

Calcium Oxide  35–36, 67, 87, 119, 
131

Caledonian Orogeny  5–6

Caledonides  5, 8  

Cam Forest  95, 181

Camlough Breccias  19

Carboniferous
chemistry

sediments  109–145, 149–151
soils  61–71, 75–77, 81–105
waters  155–195

geology  10–20
geophysics  200, 202–203, 209, 

211–212

Carey River Basalt Formation  11

Cargalisgorran  2, 61, 105

Carganamuck Limestone Formation  
14

Carland Sandstone Formation  13

Carlingford Limestone Group  11

Carlingford Lough  11, 61, 67, 89, 
105, 206, 210, 214

Carlingford Lough outlier  11

Carnaneigh Green Bed Member  6

Carn Limestone Member  14

Carnlough  
chemistry  

sediments  117, 129, 151
soils  71, 77, 95

fault  18, 71, 95, 203–204
geology  18, 20
geophysics  203–204

Carnmore Sandstone Member  15

Carraun Shale Formation  14, 135, 
141, 145, 149

Carrickaness Sandstone Formation  
13, 181

Carrickfergus  16, 33, 77, 97, 115

Carrickmore  7, 71, 75, 105, 139, 149

Cashel Rock  123

Cashty  117, 151

Castle Espie Group  11

Castle Espie outlier  11

Castlerock  109, 113–115, 119, 123, 
131, 135, 151

Castlewellan  63–67, 71, 77, 81, 85, 
99–101, 105, 111

Causeway Tholeiite Member  18, 
115, 141, 161–165

Cavanacaw  61–63, 125

Central complexes  17, 19

Central Highlands (Grampian) 
Terrane  5–6

Central Inlier  
chemistry

sediments  97–99, 121, 
125–127

soils  65
waters  159–161, 169, 

173–177, 181, 189, 
193–195

geology  5, 7–8
geophysics  202, 208

Central Terrane  5

Certified reference material  35, 41

Chloride  36, 38–41, 44, 48–49, 
52–53, 139, 163, 167

Chromium  35–39, 41, 44
chemistry  49, 51

sediments  119–120, 121, 127, 
131, 137, 141

soils  61, 69, 73, 85–89, 95, 
99, 105

waters  165

Claragh Sandstone Formation  13, 
103

Claudy  
chemistry

sediments  111, 115–117, 121, 
127–131, 137, 139, 143, 
149, 151

soils  63, 75, 81, 85, 95–101
waters  169, 175, 179, 189, 

195
geophysics  211

Clay-with-Flints  17

Clogher Valley  
chemistry

sediments  113, 119, 139
soils  67–69, 83
waters  157–161, 167, 177, 

183, 189, 193–195
fault  67–69, 139, 205, 208
geology  13, 15
geophysics  205, 208–209

Clogher Valley Formation  13, 119, 
157, 177, 183, 189, 209

Cloghfin  155, 165, 167, 175

Clogh Mills  69, 77–79, 85, 123

Cloghy Fault  8–9

Coagh Conglomerate Member  18

Coal  11, 15

Coalisland  11, 15

Coalisland Marine Band  15

Coal Measures  15

Coalpit Bay  8–9

Co. Antrim inlier  6

Coleraine  
chemistry  

sediments  109, 113, 147
soils  65, 69–73, 77–79, 

91–93, 97, 101
waters  163, 167, 171, 183

Collin Glen Formation  16

Collin Top  155, 161, 171, 173, 195

Colorimetry  40

Conductivity  39, 53, 167, 208, 209

Cone sheets  18

Conglomerate Member  8, 18

Conlig  77, 109, 117, 123–125, 129, 
151, 175, 181, 195

Connswater Marl Formation  15

Cookstown  
chemistry  

sediments  125, 131, 141, 143
soils  69, 75–77, 87, 99

geology  7, 13–15, 18

Cooldarragh Formation  12

Copper  35–39, 42, 44
chemistry  48, 49, 50–53

sediments  109, 113, 122–123, 
129, 137

soils  61–65, 71, 73, 85, 89, 
95, 99, 105

waters  169, 185

Corvanaghan Formation  
chemistry  

sediments  143
soils  65, 97, 99, 101
waters  159–161, 169, 

173–175, 189, 195
geology  7
geophysics  202

Cotham Formation  16

Cotham Member  16

Craigavad Sandstone Formation  11

Craigavon  101, 123, 151, 175

Craignamaddy  105

Crawford Group  8

Creggan  61, 65, 77, 99, 105, 
109–111, 117, 127, 143, 145

Cretaceous  
chemistry  

sediments  115
soils  65–67, 83, 89, 97, 

103–105
waters  161

geology  17, 20
geophysics  203

Crinan Subgroup  6

CRM 
See Certified reference material 

Crocknagargan ‘beds’  8

Crocknamoghill  73

Crossmaglen  
chemistry  

sediments  111, 135
soils  61, 63, 77, 79, 89, 99, 

105
waters  157, 179

Cross Slieve Group  
chemistry  

soils  83, 93, 97
waters  159, 167, 171, 177, 

179–183, 195
geology  10–11

Cuilcagh Mountains  79, 91, 167, 
171, 175

Cullybackey  93, 111

Cultra outlier  11

Curraghinalt  63, 73, 125

Cushendall  
chemistry  

soils  71, 103
waters  159–163, 167, 175, 

183
geology  10–11, 15, 20

Cushendall Formation  10

Cushendall Porphyry  11

Cushendun  
chemistry  

sediments  135
soils  75, 83, 97
waters  159–163, 167, 175, 

183
geology  10–11

Cushendun Formation  10–11
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D

Dalradian Supergroup  2
chemistry  

sediments  127
soils  63–65, 69, 73, 81
waters  55–157, 161–165, 

169–195
geology  5–7
geophysics  200

Dart Formation  
chemistry  

sediments  113, 121–123, 131, 
137, 141

soils  61–65, 95, 99–101
waters  155, 165

geology  6

Dartry Limestone Formation  13–14, 
83, 115, 131

Davagh Fault  7

Davagh Forest  65, 111, 127

Dergvone Shale Formation  14, 135, 
141, 145, 149

Derrygonnelly  97, 163

Derryinver  20

Derryloran Grit Formation  14

Derrynoose  61, 89, 105, 109

Desertcreat Group  8

Devonian  
chemistry  

sediments  109–115, 119–145, 
149–151

soils  63, 69–71, 75–79, 83, 
91–97, 103–105

waters  155–195
geology  8–11, 14
geophysics  202, 209, 212

Dissolved organic carbon  39, 52, 
185, 195

DOC  
See Dissolve organic carbon

Donaghadee  8–9, 109, 125

Donegal-Kingscourt dyke swarm  
19, 205

Downpatrick  
chemistry  

sediments  109, 113–115, 119, 
129, 133, 135

soils  63, 73, 77, 101

Draperstown  11–12, 65, 77, 113, 
157

Dromore  18, 77, 99, 111, 173, 202

Drumard Member  12

Drumarg Conglomerate Formation  
15

Drumchorick Siltstone Formation  13

Drumlish Conglomerate Formation  
12

Drumman More Sandstone 
Formation  13–14

Dunaghy Formation  20

Dundonald  9, 73, 93–95

Dundrum  
chemistry  

sediments  125, 145
soils  71, 83, 87, 95
waters  159, 167, 175, 195

geophysics  210, 214

Dundrum Bay  71, 83, 87, 95, 125, 
210, 214

Dungiven  
chemistry  

sediments  109–117, 121, 129, 
131–133, 137–139, 151

soils  73, 83, 93–95
geology  6

Dungiven Limestone Formation  6

Dungonnell Dam  95, 111, 117, 127, 
129, 151

Dunnamanagh  119, 145

Dyke  1–3
chemistry  

sediments  123, 129, 151
soils  61–77, 81–105

geology  5, 9–10, 18–20
geophysics  200, 202, 204–206, 

209
swarms  18–19, 111, 204–205

E

Eastern Mournes Centre  
see Mourne Mountains

ED-XRF  
See Energy dispersive X-ray 

fluorescence

Edenvale ‘beds’  8

Eglish Sandstone Formation  11

Electrical conductivity  1–2, 53, 167, 
198–199, 208

Energy dispersive X-ray 
fluorescence  34–36, 40, 44, 
109, 113–117, 147

Enler Group  15, 67

Enniskillen  
chemistry  

sediments  123, 137
soils  69–77, 93, 101, 105
waters  163, 181–183

geology  2, 12
geophysics  198

Erne dyke swarm  19

Extrusive Igneous Rocks  17

F

Fair Head  5, 11, 20

Fair Head-Clew Bay Line  5

Fearnaght Formation  12

Feeny  141

Fintona Block  
chemistry  

sediments  119, 121, 129–131, 
135–139

soils  63–65, 69–71, 75–81, 
87, 91–97, 103–105

waters  157–163, 167, 
171–195

geology  10–12, 14
geophysics  209

Fintona Group  10, 141

Fluoride  39, 41, 49, 52, 139, 171

Fore-arc basin  7

Forkill  19, 171

G

G-BASE  
See Geochemical Baseline 

Survey of the Environment

Gala Group  
chemistry  

sediments  109, 113–117, 121–
125, 129–133, 137–151

soils  63
waters  157–161, 165–171, 

175–181, 187–189, 193
geology  8–9
geophysics  208, 210–211

Gamma radiation  210

Garrison  20, 147

Garvagh  73, 95, 113, 115, 121

Geochemical Baseline Survey of the 
Environment  33, 41–42

Glenade Sandstone Formation  
chemistry  

sediments  99, 115, 121, 
133–137, 141, 145, 149

waters  155, 173, 177, 181, 
185, 187

geology  14

Glencar Limestone Formation  13

Glencordial  125

Glendun Formation  85, 93, 99, 115, 
129, 185

Glenelly Formation  6, 63, 73, 105, 
113, 201

Glenga Amphibolite Member  6

Glengawna  
chemistry  

sediments  111, 119, 125
soils  61–75, 81–89, 93, 

97–99, 101–105
waters  155–163, 169–171, 

175–179, 189–195
geology  6
geophysics  201

Glengawna Formation  6, 63, 73, 85, 
105, 155

Glenhull  63, 85

Glenkiln Shale  8

Glenlark Forest  125

Glenshane Forest  161

Glenshesk Tuff Formation  11

Gold  34, 36, 39, 44, 47
chemistry  49–50

sediments  109–117, 123, 125, 
129, 133, 151

soils 61, 73, 89

Gortfinbar Conglomerate  
chemistry  

sediments  111–115, 121, 
137–143, 149

soils  81
waters  155–157, 163–167, 

171, 175–179, 187–193
geology  10

Gortin  135

Gowlaun Shale Formation  14

Global Positioning System (GPS)  
34, 198, 199

Grampian Orogeny  5, 7

Granodiorite Plutons  9

Gravity  65, 79, 99, 103, 198, 
201–206 

Greenan Sandstone Formation  12

Green beds  6, 121–123, 137, 141

Grenvillian  5

H

Halite beds  16

Helen’s Bay  8, 141

Hibernian Greensands Formation  
17

Highland Border Ridge  15–17, 203

Highland Boundary Fault  5, 10

Hillsborough  18, 77
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Hilltown  157, 161, 163

Holywood  11, 33, 73, 95

Holywood Group  11

I

Iapetus Ocean  5–7, 9

Iapetus Suture Zone  5

Iceland Plume  17

ICP-AES  
See Inductively coupled plasma 

atomic emission spectrometry

ICP-MS  
See Inductively coupled plasma 

mass spectrometry

ICP-OES  
See Inductively coupled plasma 

optical emission spectrometry

ICS  
See Instrument controlled 

software

IDW  
See Inverse Distance Weighting

Inductively coupled plasma atomic 
emission spectrometry  
33–34, 37–41, 161, 173, 
177–179, 191–193

Inductively coupled plasma mass 
spectrometry  33–40, 50, 
73, 89, 95, 155–157, 165, 
169, 175, 179–181, 189, 195

Inductively coupled plasma optical 
emission spectrometry  34, 
36–37, 40

Iniscarn Formation  12, 63

Inlier  
chemistry  

sediments  109–115, 121, 
125–131, 135–137, 
143–145

soils  63–65, 73, 95–99
waters  155–161, 167–169, 

173–177, 181–183, 
189–195

geology  5–9, 11–12
geophysics  201–203, 205, 

208–209, 213

Instrument controlled software  37

Interbasaltic Formation  
chemistry  

sediments 127, 161, 163 
soils  61, 63–65, 69–71, 77, 

93–95, 99, 101, 105
geology  18, 20

Intrusive Igneous Rocks  19

Inverse Distance Weighting  41

Inver Volcanic Formation  15

Ionic balance  41

Iron  18, 35–39, 42–44 
chemistry  47–49, 50, 51–53

sediments  109, 111–119, 123, 
127, 129, 133–137, 141, 
145, 151

soils 61, 73, 75, 81, 85, 95, 99
waters 173

Iron Oxide  75, 127

Irvinestown Dyke  19

Irvinestown Segment  10

Island Magee  167–169, 191

J

Junction Beds  8

K

Katesbridge  165

Keady  61, 73, 79, 105, 109–111, 
125, 135, 151

Kearney Point  8, 10

Keenaghan Shale Formation  13

Kesh  12–13, 135

Killary Glebe Borehole  16

Killeter 
chemistry  

sediments  109, 111, 131, 135, 
145, 147

soils  63–67, 71–73, 79, 
83–87, 91, 99

waters  157, 159, 161, 167, 
175, 181, 191, 193

geology  6

Killeter Quartzite Formation  6, 181

Killey Bridge Formation  8

Killuney Conglomerate Formation  
14

Kilraghts  69, 87

Kilskeery Group  12, 63, 181

Knockmore Limestone Member  13, 
83, 131

Knocksoghey Formation  16

L

Lackagh Sandstone Formation  14

Lack Inlier  
chemistry  

sediments  109, 111, 125
soils  73, 95
waters  157–159, 167, 173, 

193
geology  6–7, 11–12
geophysics  201, 205, 208

Lady Craigavon Bridge  175

Lagavarra Formation  16

Lamprophyre Intrusions  10

Langford Lodge Borehole  18

Langport Member  16

Larne  15–18, 69, 81, 85, 119, 173, 
204, 214 

No. 1 borehole  16
No. 2 borehole  15

Laterite  18, 127

Lateritic palaeosol  18

Lateritisation  18

Laurentian  5–8 

Lava fields  17

Layered Complex  19, 206

Lead  7, 34–39, 44
chemistry  47–49, 50, 51–52, 54

sediments  109–117, 123–125, 
129, 135, 143, 145, 151

soils  61–65, 73, 77, 85, 89, 
95, 99, 105

waters  175, 185, 195

Leadhills Supergroup  
chemistry  

sediments  121, 137, 141
soils  87
waters  167, 179–181, 185, 

189, 193
geology  8–9

Leambreslen  8

Leckpatrick Green Bed Member  6

Leitrim Group  12–14

Lilstock Formation  16

Limavady  11, 16–17, 75, 87, 147, 169

Lime Hill ‘beds’  8

Lisbellaw  7–8, 11–12

Lisbellaw Formation  8

Lisburn  33
chemistry  

soils  61, 69–75, 85–87, 95, 
99–101, 105

geology  17, 19
geophysics  204–205

Lislea Granophyre  19

Lisnaskea  12–13, 15, 73, 87, 103, 
121, 137

Lithomarge  18, 127

Little River Group  8

LLD  
See Lower limit of detection

Londonderry Formation  6

Loss on Ignition  34, 44, 65, 79

Lough Bradan  147

Loughbrickland  165

Lough Derg Group  
chemistry  

sediments  111, 113–115, 
121, 127–129, 131–137, 
141–145, 155

waters  159–161, 167–169, 
173–175, 181, 187–189, 
195

geology  5, 7, 13

Lough Derg Inlier  
chemistry  

sediments  113–115, 121, 129, 
131, 135–137, 143–145, 
155

waters  181
geology  5

Lough Derg Slide  7

Lough Foyle  6, 11, 79, 171, 208, 
209, 214

Lough Foyle Syncline  6

Loughgall Limestone Formation  14

Lough Neagh  
chemistry  

sediments  113–115, 119–123, 
127, 131, 137, 145, 149–151

soils  67, 79–81, 87, 95
waters  155–195

geology  17, 20
geophysics  204, 208–209, 213

Lough Neagh Group  
chemistry  

sediments  115, 119–121, 131, 
137, 145, 149

soils  67, 81, 87, 95
waters  155–177, 181–195

geology  20
geophysics  204, 209, 213

Lower aphyric group  18

Lower Basalt Formation  
chemistry  

sediments  121, 125, 137, 141, 
149

soils  65–71, 75, 81–83, 87, 
105

waters  157, 185, 191
geology  18,
geophysics  205, 209

Lower Hartfell Shale  8
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Lower limit of detection  35–36

Lower Lough Erne  
chemistry  

sediments  121, 137, 151
soils  79–81, 85, 89, 97, 

103–105
waters  159, 163, 193

geology  10
geophysics  209, 212

Lurgan  73, 91, 101, 123, 151

M

Mackan  163

Magherafelt  61, 101

Magherameena Limestone Member  
13

Magilligan Borehole  16

Magnesian Limestone  15

Magnesium 35–37, 39–40, 42, 44
chemistry  50– 51, 53

sediments  119, 121, 127, 131, 
137

soils  81, 95, 99
waters 159, 177, 187

Magnetisation  19, 198, 200–203, 
205–206

RTP  201–204, 206
TMI  198, 200–201, 203–205

Maguiresbridge  87, 183

Main Coal (Ballycastle Group)  11

Manganese  35–37, 39, 42–44, 
47–48

chemistry  50–51
sediments  111–117, 129, 133, 

135–137, 141, 151
soils  83, 85, 95, 99
waters 177, 179

Markethill  99, 109

Maydown Limestone Formation  13, 
85, 119, 167, 169

Mayobridge  155

Meenymore Formation  
chemistry  

sediments  115, 121, 131, 139, 
155

soils  67
waters  165, 169, 173–175, 

181, 185, 187, 191
geology  13–15, 20

Mercia Mudstone Group  
chemistry  

sediments  75–79, 99
waters  157, 163–167, 177–

179, 185, 189, 193, 195
geology  10, 15–16
geophysics  213

Meta-limestones  6

Midland Valley Terrane  5, 7, 201, 
202

Milford Mills Formation  14

Millstone Grit  15

Milltown  11–12, 73, 89, 95, 147

Milltown segment  11

Mire House Borehole  16

Moffat Shale Group  
chemistry  

sediments  109, 113, 117, 123, 
133–135, 139–145, 149

soils  61, 71–73, 85–87, 95, 99
waters  165, 169, 175, 181, 

185, 195
geology  8–9

Moinian  
chemistry  

sediments  109–115, 121–151
soils  65, 97–101
waters  155, 159–161, 

165–195
geology  5, 13

Moira  17, 113

Molybdenum  35–39, 43–44 
chemistry  50, 51

sediments  109, 113–117, 123, 
133, 135, 141, 145–149

soils  61–65, 73, 85, 89, 99, 
103–105

Mormeal Member  12

Mountnorris  63

Mourne Mountains  
chemistry  

sediments 111–151
soils  61–73, 77–83, 87–105, 
waters  155–195

geology  1, 19
geophysics  200, 205–206, 209, 

211–212, 216

Mugearite  18

Muldonagh Hill  95

Mullaghbane  19, 175, 183

Mullaghcarn Formation  
chemistry  

sediments  109–115, 125, 
129, 131

soils  61–63, 73, 95
waters  157, 173

geology  6
geophysics  201

Mullaghcarn Mountain  65

Mullaghmore Sandstone Formation  
13, 97, 123, 143, 151, 163

Mullaghnabuoyah ‘beds’  8

Mullyfa  111, 115, 139, 149, 157

Murlough Bay and Owencam 
formations  6

Murlough Shale Formation  11, 20

N

Navan Fault  5

Newcastle  79, 91, 111, 147, 195

Newry Fault  65, 105, 206

Newry Igneous Complex 
chemistry  

sediments  111–139, 143, 
147–151

soils  61–77, 81–105
waters  155–195

geology  9–10, 19
geophysics  200

Newtownhamilton  73, 111, 135, 157

Newtownstewart  
chemistry  

sediments  109–113, 117, 121, 
129, 137, 143, 151

soils  63, 67, 73, 95
geology  11

Newtownstewart Outlier  11

Nickel  35–39, 42, 44
chemistry  49, 51, 

sediments  121, 127, 131, 137, 
141

soils  61, 71–73, 85, 87, 89, 
95, 99, 105

waters  165, 181

Nitrate  38–39, 41, 51–52, 183

Non-purgeable organic carbon  34, 
39, 127

North Atlantic Ocean  17

NPOC  
See Non-purgeable organic 

carbon

O

Oligocene Sedimentary Basins  20

Omagh  
chemistry  

sediments  105, 109–111, 115, 
119–125, 129, 137, 143

soils  61–73, 77–79, 83–87, 
95, 99–101

waters  173
geology  5–7, 11–13
geophysics  201–202, 205, 208

Omagh Sandstone Group  11, 13, 
95, 119, 121, 137, 143

Omagh Thrust Fault  

chemistry  
sediments  125, 129, 143
soils  61–73, 85–87, 95, 

99–101, 105
geology  5, 7, 12
geophysics  201–202, 205, 208

Ophiolite  5, 7

Ordovician Island Arc  200

Orlock Bridge Fault  
chemistry  

sediments  109, 125
soils  61–65, 73, 85–87, 95, 

97, 103
geology  8–9

Oulart Villa Limestone Formation  14

Ox Mountains Inlier  5

P

Palaeogene  
chemistry  

sediments  109–151
soils  61–105
waters  155–195

geology  2, 5, 10, 17, 19–20
geophysics  200, 206, 212

Palaeocene  
geology  1, 17, 19, 20
geophysics  200–203, 209, 

211–213

Palladium  34, 36, 39, 44, 52, 65, 
69, 73, 89

Penarth Group  15–16

Permian  10–11, 15–16, 67, 157–191, 
195, 211 

Pettigoe Fault  65, 111, 115, 133

PGE  
See Platinum group elements

pH  
chemistry  33–34, 43–44, 47–48, 

49–54
sediments  111, 127, 135, 145
soils  65, 83, 91
waters  155, 159, 167–169, 

173, 179, 187, 195

Phosphorus Oxide  35–36, 43, 93, 
139, 149

Platinum  34, 36, 39, 44, 52, 65, 69, 
73, 89, 95, 121, 141

Platinum group elements  36, 69, 
73, 89, 95, 141

Plugs  20

Plumbridge  79, 95, 111–113, 119

Pomeroy  5, 7–8, 139, 149 

Pomeroy Inlier  7, 8
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Portaferry  8, 10, 63, 77, 101, 105, 
109

Port More Borehole  16

Port More Formation  16

Portrush  17, 20, 147

Portrush Sill  20

Potassium  2–3, 35–37, 39–40, 
43–44, 47, 50

chemistry  52
sediments  113–115, 129–131, 

143, 149
soils  93, 97, 99
waters  189

geophysics  198, 210–214

Poyntz Pass  179

Pseudo-gravity  201, 203–204, 206

Q

QC  
See Quality control

Quality control  35–36, 38, 40

R

Radioactivity  1–3, 198, 210–216 

Radiometric  5, 10, 198, 208, 
210–212, 214, 216

Rasharkin  75, 87, 97–99, 111

Rathfriland  61, 69–71, 157, 171, 175, 
179–181

Raveagh Sandstone Formation  10

Red Arch Formation  10, 15

Red Bay Formation  10, 15

Reduced-to-pole  201

Regional metamorphism  7

Remote sensing  198

Retreat Siltstone Formation  14

Ring dyke  19, 99

Rockdale Limestone Formation  14, 
85

Roe Valley Group  11, 63, 121, 137

Rosslea  95

Rossmore Mudstone Formation  14

Rostrevor  63, 67–99, 161, 169, 175

Runabay Formation  6, 85, 95, 135

Rylagh  125

S

Scrabo Hill  15, 20

Secondary reference material  34, 
41

Selenium  35–39, 44, 47
chemistry 52–53

sediments  109–113, 117, 
123, 133–135, 141, 145, 
149–151

soils  61, 65, 89, 99

Shane’s Hill  18

Shanmaghery Sandstone  
chemistry  

sediments  121, 137, 141, 143
waters  165, 167, 175, 187

geology  10

Shanmullagh Formation  
chemistry  

sediments  113–115, 121–123, 
137, 141–143

soils  63, 69–71, 75–79, 87, 
93–97, 103–105

waters  157–165, 169, 173, 
177–179, 183, 191–195

geology  10

Shan Slieve  97

Sherwood Sandstone Group  
chemistry  

sediments  131, 139, 143
soils  73
waters  157–159, 165, 

169–171, 175–181, 185, 
189– 195

geology  10, 15–16, 20
geophysics  213

Sill  20

Sinistral transpression  9

Sixmilecross  
chemistry  

sediments  113, 121, 137, 141, 
143

soils  63, 83, 97, 103
waters  159, 167, 175–179, 

191–195
geology  10
geophysics  202, 205, 208–209

Sixmilewater Fault  73, 89, 203–205

Slate Quarry ‘beds’  8

Slemish  20, 89, 125

Slievebane Group  12

Slieve Binnian  99, 103

Slieve Croob  67, 71, 77, 93, 95, 
99, 111, 155–163, 167, 175, 
179–183, 206

Slieve Donard  61–65, 77, 99–103

Slieve Gallion  
chemistry  

sediments  109, 113–115, 117, 
121, 125–127, 135–139, 
143, 147–149

soils  61–65, 69, 73, 77, 
87–89, 101–103

waters  171–173
geology  17
geophysics  202

Slieve Gullion  
chemistry  

sediments  113–117, 123, 
127, 133–135, 139, 143, 
147–151

soils  65–75, 83, 87, 91, 
95–99, 103

waters  157–159, 177, 181, 193
geology  19
geophysics  200, 205–206, 209, 

211–212, 216

Slieve Gullion Complex  
see Slieve Gullion, 

Slishwood Division  5, 

Sodium  36–37, 39–40, 44, 53, 167, 
189, 191, 195

Southern Highland Group  
chemistry  

sediments  109, 111, 113, 
119–121, 125, 129–131, 
137, 141

soils  67, 73
waters  155, 157

geology  6
geophysics  201, 211

Southern Upland Fault  5

Southern Uplands-Down-Longford 
Terrane  

chemistry  
sediments  109–113, 117–127, 

131–137, 143–145, 149, 
151

soils  61–73, 77, 81–105
waters  155–189, 191–195

geology  5, 8–10, 12, 15, 19
geophysics  202, 208, 211

Spelga Dam  65, 161, 169, 193

Sperrin Fold  6

Sperrin Mountains  
chemistry  

sediments  109–113, 117–143, 
151

soils  61–101
waters  155–195

geology  2, 6–7, 12, 17
geophysics  201, 211, 213

Spincha Burn Conglomerate 
Formation  11

Springfield  123

SRM  
See Secondary reference 

material

St John’s Point-Lisburn dyke swarm  
19, 85, 205–207 

Stonyford  85

Strabane  
chemistry  

sediments  109, 115
soils  73, 101–103
waters  161–163, 167, 173, 

183, 193

Strangford Lough  
chemistry  

sediments  115
soils  77–79
waters  157–159, 161–163, 

167, 177, 191–193
geology  11
geophysics  210, 212, 214

Sulphate  37, 39, 40–44, 53, 193

Swatragh  87

T

Tandragee  63, 65, 85

Tardree Rhyolite Complex  18, 85, 
103, 113, 135, 149, 213

Tay Nappe  6

Tedd Cross Roads Segment  10

Tedd Formation  10

Tempo-Lisbellaw segment  12

Tempo-Sixmilecross Fault  
chemistry  

sediments  113, 121, 137, 
141–143

soils  63, 83, 97, 103
waters  159, 167, 175, 177, 

179, 191–195
geology  10
geophysics  202, 205, 209

Termon River Limestone Formation  
13

Thorium  2, 198, 210–212

Tievebulliagh  20

Tieveshilly  9

Tin  35–39, 44
chemistry  53

sediments  109, 113, 117, 123, 
129, 135, 147

soils  61, 65, 73, 85, 89, 99, 
101

Tircrevan Sandstone Member  17

Tirnaskea Formation  8
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TOC  
See Total organic carbon

Topped Mountain Sandstone 
Formation  12, 121

Torr Head Limestone Formation  6

Total (gamma) count  198–199, 211, 
214

Total Magnetic Intensity  200–201

Total organic carbon  33, 39, 185

Tow Valley Fault  
chemistry  

sediments  121, 141
soils  63, 67–75, 81, 87–89, 

95–97, 103–105
geology  18, 20
geophysics  203

Trachy-andesitic  10

Trachyte  10, 19

Tracts  
chemistry  

sediments  109, 113, 121, 
131–145, 149–151

soils  61–63, 69, 77, 87, 89, 
93, 103–105

waters  157, 165, 189, 193
geology  5, 8, 9

Triassic  
chemistry  

sediments  131
soils  73, 77–79, 89, 99
waters  155–169, 173–195

geology  9, 10, 15–17, 20
geophysics  203, 209, 211, 213

Tullanaglare Mudstone Formation  
12

Tyrone Group  11–14, 113, 181

Tyrone Igneous Complex  
chemistry  

sediments  109–113, 119–127, 
131–141, 149

soils  61–65, 69–73, 77–87, 
91–105

waters  151, 155–195
geology  5, 7–8, 10, 14
geophysics  200, 202

Tyrone Plutonic Group  
chemistry  

sediments  115–117, 125–127, 
131, 137–141

soils  71, 73, 99, 105
waters  169, 179–181, 185, 

189, 193
geology  7
geophysics  202

Tyrone Volcanic Group  
chemistry  

sediments  109–117, 121, 
125–129, 137–139, 
141–147

soils  61–67, 73, 85, 89, 95, 
101–105

waters  169, 179, 181, 185, 
189, 193

geology  7
geophysics  202

U

UKAS 
See United Kingdom 

Accreditation Service

Ulster Canal Formation  13

Ulster White Limestone Formation
chemistry  

sediments  115
soils  65–67, 83, 89, 97, 

103–105
waters  161

geology  16, 17

Ultramafic-Intermediate Complex 
chemistry  

sediments  113, 127, 131–133, 
137–139, 149, 151

soils  67–69, 75, 87, 95
geology  9

United Kingdom Accreditation 
Service 33–34, 39

Upper Basalt Formation  
chemistry  

sediments  117–121, 127–131, 
137, 141, 145, 151

soils  63, 73–75, 81–83, 87, 
93, 103

waters  157–163, 169–177, 
181–183, 187–195

geology  18, 20
geophysics  204, 209

Upper Hartfell Shale  8

Upper Lough Erne  67–69, 79, 85, 
99, 103, 175, 195

Upper olivine-phyric  18

Uranium  7, 33, 35–39, 43–44,
chemistry  53

sediments  109, 115–117, 
123, 133–135, 139–141, 
145–147, 149

soils  65, 73, 85–87, 99, 103, 
105

geology  2
geophysics  198–199, 210–211

V

Variscan Mountains  11, 15

Variscan Orogeny  10–12

Viséan  11–14, 135, 157, 169, 189, 
193

Volcanic arc  7

Volcaniclastic schists  6

W

Washing Bay borehole  20

Waterloo Mudstone Formation  16, 
17, 20, 97

Waulsortian  13, 93

Wavelength dispersive X-ray 
fluorescence spectrometry  
34–36, 40, 44, 61–71, 
75–77, 81–87, 93, 97–105, 
111, 119–145, 149, 151

WD-XRFS  
See Wavelength dispersive X-ray 

fluorescence spectrometry

Westbury Formation  16

Western Mournes Centre  
see Mourne Mountains

White Brae Mudstone Formation  15

Whitespots  77, 109, 117, 123, 125, 
129, 151, 175, 181, 195

Wilson’s Bridge Limestone 
Formation  14

X

X-ray fluorescence   2, 34–36, 40, 
44, 61–71, 75–77, 81–87, 93, 
97–105, 109–151

XRF 
See X-ray fluorescence

XRF-ED  
See Energy dispersive X-ray 

fluorescence

XRF-WD  
See Wavelength dispersive X-ray 

fluorescence spectrometry

Z

Zinc  35–39, 43–44
chemistry  48–53, 54

sediments  109, 111–117, 
123–125, 129, 135–137, 
143–145, 151

soils  61–65, 85, 95, 99, 105,
waters 195
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